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PREFACE 

THE author presents this book as a summing up of his writings 
on the subject of wind stresses during the past seventeen years, 
enlarged by the addition of considerable new material. Some 
times he has thought it advisable to consider briefly the earlier 
formulas and theories. To do this historical matter is introduced 
that would otherwise be omitted. At times when a line of thought 
seemed well expressed by another he has not hesitated to quote 
it rather than to re- word it and write it as his own. 

The titles of the respective chapters indicate the nature of the 
contents. A study of the wind itself is made in Chapter I, for 
such a study is necessary to an understanding of wind action. 
" The nature of the reaction between the wind and an obstacle 
to its progress is extremely complicated even in the case of a 
uniform and steady wind." Still more complicated is it in the 
case of an irregular wind blowing against buildings so tall that 
they seem to pierce the sky itself. An endeavor is made in 
Chapter VI to present in a sane and workable manner the subject 
of wind stresses in tall buildings. The writer counts himself 
fortunate in obtaining drawings showing wind stresses in the 
53-story Lincoln Building, New York City. The stresses in some 
of the bents are given in Chapter IX. 

As the probability of injury from earthquakes is being more 
and more considered, a chapter is added on Earthquakes and 
Earthquake-Resistance. 

No attempt has been made to produce a handbook. No hard- 
and-fast rules can be laid down for the assumption of wind loads 
and the determination of wind stresses. The engineer who hopes 
for this will be disappointed where he has no right to hold expec 
tations. 

The writer acknowledges an obligation to a wide range of 
periodicals and books. Engineering News-Record, Engineering, 
The Canadian Engineer^ Engineering and Contracting, and the 

ix 



x PREFACE 

Monthly Weather Review are frequently drawn upon, especially the 
first two. It has been the intention throughout the book to give 
due credit to the writings of others. 

An acknowledgment is due my daughter for reading the manu 
script during the process of writing. 

E. FLEMING. 
NEW YORK CITY, 
January, 1930. . 
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WIND STRESSES IN BUILDINGS 

CHAPTER I 
AN INTRODUCTION TO A STUDY OF THE WIND * 

In the design of bridges, buildings and kindred structures the 
force of the wind plays a more or less important part. In some 
structures, radio towers for instance, it is the dominant force. 
The structural engineer is chiefly interested in the pressure per 
square foot of exposed surface that should be assumed as the 
maximum force of the wind. Although this is all that may be 
absolutely necessary for him to know, his vision will be enlarged 
and the foundation of his knowledge will be made more secure 
by a study of the wind itself. To go still further: the engineer 
should be interested in meteorology. 

Wind is air hi motion. It is a gravitational phenomenon 
induced and maintained by temperature differences. These dif 
ferences arise from the unequal heating of the earth's surface by 
the sun, about three times as much heat being received at the 
equator as at the poles. Air of heavier weight seeks to displace 
that of lighter weight. From a glance at a weather map one 
might infer that wind currents are at right angles to the isobars 
(lines of equal barometric pressure) and flow directly from those 
of high pressure to those of low pressure. On a non-rotating earth 
this would be the case, but the earth rotates and instead of the 
laws governing the circulation of the atmosphere being simple, 
they are complicated. 

Necessary Equipment for Study. Before beginning seriously 
a general study of atmospheric circulation considerable prepara 
tion may be necessary for one who has been long out of school. 
A textbook on Physics should be reviewed, especially those 

1 This chapter is enlarged from an article by the writer with the same 
heading in The Canadian Engineer, Vol. 49, p. 125, July 14, 1925. 
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portions relating to liquids, gases and heat. A knowledge of the 
fundamental principles of mechanics is indispensable. The 
equations governing curvilinear motion should be as well known 
as the multiplication table. A score of terms should be as 
familiar as household words, such terms as: weight, mass, density, 
acceleration, motion, speed, velocity, pressure, volume, tempera 
ture, inertia, force, gravity, expansion, condensation, atom, 
molecule, conduction, convection, radiation, adiabatic. These 
all have to do with atmospheric circulation. As Sir Napier Shaw, 
that prince of meteorologists, says in one of his papers: 

The whole of the circulation of the atmosphere depends upon the 
gaseous laws and upon variations of density. . . . You will require also 
to be familiar with the dynamical and thermo-dynamical properties of 
gases, and the still more recondite thermo-dynamical properties of moist 
air. . . . The great law of the conservation of energy must be your familiar 
friend, and absolute temperature then becomes a matter of abbreviation. 
There are other subjects just as valuable. One of the most important is 
an experimental knowledge of the mechanics of solids and fluids, fluid 
pressure, gravity and the motion of bodies under balanced forces. 
Another great branch of dynamics in which we are interested is eddy- 
motion. We cannot pursue the study of Meteorology very far if we 
ignore it. It is also very difficult. . . . There is the great subject of 
solar and terrestrial radiation. It is very difficult but is of such vital 
importance. 

The beginner, however, must not be discouraged by this 
formidable array. He can become acquainted with the funda 
mental laws governing atmospheric circulation without all the 
mental equipment Sir Napier has at his command. If he pursues 
the subject beyond the schoolboy stage he must be able to think 
in the C. G. S. (centimeter-gram-second) system of units, for this 
is the language used in science. It is better to become acquainted 
with the system at once than to be always trying to dodge it. 

As meteorology is a branch of physics it is the physics of the 
air, so the study of the wind is a branch of meteorology. Davis's 
" Elementary Meteorology," Milham's "Meteorology/ 7 McAdie's 
"The Principles of Aerography" are excellent textbooks. Red- 
way's "Handbook of Meteorology " is a laboratory manual but 
Part I is a clear and concise statement of the general principles of 
meteorology. A British book, "Meteorology An Introductory- 
Treatise/ ' by Professor Geddes, is particularly attractive, "The 
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Air and Its Ways/' a collection of papers and addresses by Sir 
Napier Shaw, can hardly fail to stimulate if one's interest is lagging. 
Humphreys' "Physics of the Air" is a classic on the subject. It 
includes mathematical meteorology and parts of it can be properly 
appreciated only by the advanced student. The engineer who 
has had the usual college course in physics and mathematics can 
master these parts by a little concentrated thought. He will 
naturally be interested in the chapters on Atmospheric Circulation. 
The second edition, 1929, should be followed. 

The foundation of our present knowledge of the wind was laid 
by William Ferrel. His book, " A Popular Treatise on the Winds," 
latest edition 1889, can still be studied with profit, although later 
advances in knowledge have disproved some of his conclusions. 

The tracing of the path of an air current through a vertical 
distance of 5 to 20 miles and a horizontal distance of hundreds, 
perhaps thousands, of miles is a challenge to the meteorologist 
and the mathematician. The poet asks a question hard to 
answer when he writes : 

Where hast thou wandered, gentle gale, to find 1 
The perfumes thou dost bring? 

The term wind, however, is restricted to air in motion near the 
earth's surface and nearly parallel to it. 

All other motions of masses of air should be spoken of as air currents 
although this distinction is not always recognized. MILHAM. 

Rotational Effect of the Earth. The greatest single factor 
affecting velocity and direction of wind is the rotation of the earth 
on its axis. A study of the far-reaching effects of this rotation 
stands at the threshold of a knowledge of the subject. A body 
of air is assumed to move without friction from rest (as related 
to the earth) at the equator exactly poleward. At any latitude 
the law that equal areas are swept over in equal times or that 
angular momentum is constant holds true of a body of air as 
well as of a planet. As Ferrel pointed out, the surface of the 
earth considered frictionless can have no effect upon the absolute 
motion of a body in space it is entirely independent of the 
earth's rotation and is the same as if the earth were at rest. If 
for a body at the equator, R is the distance to the axis of rotation 
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and V the velocity, and r and v are the distance and velocity at any 
latitude 0, then by the principle of equal areas, RV rv. 

At the equator a body of air rotating with the earth has an 
absolute velocity of 1038 miles an hour. At latitude 60 degrees, 
r = R cos 6 or r = 0.5E, hence from RV = rv y v = 2076 miles an 
hour. In the meantime the surface itself has a velocity of 
1038 cos 8 or 519 miles an hour. The velocity of the body rela 
tive to the surface is thus 2076 519 = 1557 miles an hour. 
At the latitude of 80 degrees the relative velocity according to 
the law of equal areas is 5800 miles an hour. The friction of the 
earth's surface, vertical convection, disturbances of the atmosphere 
are given by a long array of writers as reasons why these enormous 
velocities do not occur. Professor Marvin, as will be seen later, 
assigns an entirely different reason. 

Ferrel in 1859 demonstrated the important proposition that 
due to the earth's rotation if a body moves in any direction on the 
earth's surface it is deflected to the right in the Northern Hemi 
sphere and to the left in the Southern Hemisphere. The measure 
of this deflective force as determined from fundamental equations 
of mechanics is f r = 2muv sin 6, in which m = mass of body, 
a? = angular velocity of the earth's rotation, v = velocity of the 
body relative to the earth and 8 = latitude. As this force con 
stantly acts at right angles to the path of the moving body it 
tends only to deflect or change direction, it does not change 
velocity. 

Again, a body on the earth's surface moving round a central 
point with a radius of curvature r, and velocity v, is deflected 

o 

radially inward by a force / c = . (The curvature of the earth 

r 

may be disregarded, the error usually being less than 1 per cent.) 
The total horizontal deflecting force, F, of a body of air with the 

r> 

velocity v is thus / r + / c , or, F = 2muv sin =fc . The 

r 

sign before the second term is + when the wind, or its horizontal 
component, is blowing in the same direction as the rotation of the 
earth and when in the opposite direction. The first term, the 
rotational force, called by some writers the geostrophic component, 
bears a varying ratio to the second term, the centrifugal force 
or cyclostrophic component, depending upon the latitude, radius 
of curvature of the path of the wind and velocity. 
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It may be noted that since the deflection acceleration is at all 
times at right angles to the path, it follows that if the surface of 
the earth were considered perfectly frictionless a body moving 
freely over it would describe an endless series of curves. The 
acceleration at right angles to each point of the path as measured 
with reference to the surface of the earth is 



' sin 6. 

The acceleration along a radius of curvature is a = . Hence 

r * 

v 2 v 

= 2co sin vO, from which r =; - : - Thus an express train in 
?* 2co sm 6 

latitude 40 degrees moving at the rate of 60 miles an hour would 
describe a series of circles each with a^ radius of 175 miles. Since 

< = ^7 = 0.2618, sin 6 = 0.643, v = 60, r = 

24 2X0.2618X0.643 

= 175.23. 

Standard works on mechanics and meteorology give expositions 
of the foregoing equations but so fundamental are they that an 
explanation of them will be repeated. Geddes will be followed. 
Text and figures will be taken from his "Wind Structure" in 
"The Mechanical Properties of Fluids A Collective Work." 

Consider first the effect of the rotation of the earth about its 
axis NS, Fig. 1. The great circle Q'PQ is the specified path of the 
particle. If the angular velocity of the earth about NS is co, then 
by the parallelogram of rotations the component angular velocities 
are co cos <j> about OW and co sin about OP. As the two axes 
are mutually perpendicular, it follows that any particle in the 
neighborhood of P is in the same relation to OW as a particle on 
the equator is to ON. But a particle on the equator moving with 
uniform horizontal velocity has an acceleration directed only 
perpendicular to the axis ON. Similarly the horizontal velocity 
of a particle near P is affected only by the component co sin <t> 
about OP and not by the perpendicular component co cos <t> about 
OW. The latter has no effect in deviating an air current in 
latitude <, and we may therefore regard the surface of the earth 
in that region as a flat disk with an angular velocity co sin ^ 
while an air current with velocity v is passing over it. 

When the particle crosses the point P it will travel a distance 
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PA = vdt (see Fig. la) in time dt, as the velocity is v. In the 
same interval of time, the line along which the particle started 



test 




East 



South 
FIG. l.-(Geddes) Effect of the Rotation of the Earth about Its Axis, 

will have moved into the position PA', so that the element of the 
arc ds = A.A! = PAw sin <f>dt. 

Also ds or A A', which is described in a direction perpendicular 
to PA, may by the well-known formula be expressed In the form 
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%a(df) 2 , where a is an acceleration perpendicular to the direction 
of motion. Hence 



= PA co sin <t>dt = vu sin <f>(dt) 2 (since PA = txft). 



a = 



) sn < 



Finally, by Newton's Law, F = ma = 2mv& sin <. 

Again, suppose that the path of the wind is the small circle 
JR'P (Fig. 1). In addition to the term 2vw sin <t> there will now be 
a term arising from the curvature of the path. Let Fig. 2 be a 




FIG. 2. (Geddes) Relation between Radii of Curvature of the Path on the 
Earth and the Path in the Horizontal Plane. 
PM r', PN = r'/eos * = r, PO = R 

central section of the sphere through a diameter of the small circle, 
PR' being the diameter. The path of the air at P is now curved, 
and if r is the radius of curvature of the path at P, in the horizontal 

v 2 
plane, is the acceleration in the horizontal plane arising from 

T 

the curvature of the path. But this acceleration is also the 

v 2 
horizontal component of where r' is PM , that is, the radius of 

curvature of the small circle. If a is the angular radius of the 
small circle it is also the inclination of the horizontal plane to the 
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small circle; hence r' = r cos a; that is, N is the center of curva 
ture of the path in the horizontal plane. It is also clear from the 
figure that R sin a = /; hence 

y2 j2 y-> <D* 

- = cos a = cos a = ~ cot a. 

r r' R sin a ti 

The resultant horizontal acceleration is therefore 

sin 4> + -ir cot a, 



which must equal zero if the air is moving freely in space, that is, 
if the barometric pressure is uniform. 

v 2 

The second term is often stated as . If the arc R'P were 

r 

1000 miles in length it would subtend an angle of about 14 degrees. 
The chord of an arc of 14 degrees is 0.2437B. The distance PM 
is thus 0.1218J2. The distance PN, the tangent of 7 degrees, is 
0.1228S. One-half the length of an arc of 14 degrees is 0.122LR, 
These three distances are practically the same unless the diameter 
of a circular path of wind is abnormally large. 

It is thus seen that the three items which arrange themselves 
to maintain motion of air without change of speed are the earth's 
rotation, the curvature of the path and the pressure gradient. 

Gradient Wind. The force which produces and maintains 
motion of the air, or velocity, is the gravitational pressure gradient. 
The pressure gradient for a given place is found from a weather 
map by dividing the difference in pressure between two isobars 
by the perpendicular distance between them. "Gradient wind" 
and "gradient velocity" are favorite terms with the meteorologist. 
"The gradient wind is that wind which in a particular latitude is 
in dynamical equilibrium under the action of forces due to the 
barometric pressure gradient, the rotation of the earth, and the 
curvature of the path in which the wind moves." From this 
definition it is easily seen that the velocity at which the deflective 
force due to the earth's rotation acting with the centrifugal force 
balances the horizontal pressure gradient is the gradient velocity. 
The equation for the force F for gradient wind is: 

1 dp A v 2 

- = 2owsm =fc , 
p du r 
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from which for cyclonic winds, 

[r dr> , ./H 
- + (ro) sm 0) 2 rw sin 0, 
p du J 

and for anticyclonic winds, 

f r dpi* 

v = rco sin (rw sin 0) 2 . 

L P du\ 

In these equations for the C. G. S. system of units 

= difference in dynes pressure per square centimeter per 
du 

centimeter horizontal distance at right angles to 
isobars; 

p = grams of air per cubic centimeter; 
r = radius of curvature in centimeters of wind-path at 

time and place of observation; 
co = angle through which the earth turns per second 

2r\ 
^86,164/' 
sin natural sine of the angle of latitude. 

With the back to the wind the region of low pressure is on the 
left hand in the Northern Hemisphere and on the right hand in the 
Southern Hemisphere. 

It should be noted that the foregoing equations are for gradient 
velocities. According to Shaw, about 1500 ft. above the earth's 
surface the agreement between the observed and the gradient 
velocities is close. Near the surface friction checks the speed and 
the direction is correspondingly deflected toward the region of 
lower pressure. As a rule the observed velocity of surface wind 
is much less than the theoretical or gradient velocity. No definite 
relation has been established between them, although several 
attempts have been made to do so. J. C. Fairgreve in a paper, 
"On the Relation between the Gradient Wind and the Observed 
Wind/ 7 2 gives the results of a series of observations extending 
over half a dozen stations for several years. The ratios of observed 
to gradient winds range from 11 to 81 per cent. The ratios also 
vary at the same station with the direction of the wind. Perhaps 

2 Geophysical Memoir No. 9, London, 1914. 
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45 per cent is an average value, but, as Mr. Fairgreve writes, 
" there are many cases where this value would seem to be very 
incorrect and forecasts based on the assumption that 45 per cent 
is correct would be wrong." The idea of using gradient velocity 
as a basis and from it determining the surface velocity has thus 
far not been developed to be of any practical use to the structural 
engineer. The Gradient Velocity Tables in Humphreys' "Physics 
of the Air/' pp. 616 to 639 inclusive, cover a wide range of baro 
metric gradients and radii of curvature of the isobars for latitudes 
from 25 to 60 degrees varying by 5 degrees. 

The Law of the Geoidal Slope. Professor Charles F. Marvin, 
Chief of the U. S. Weather Bureau, in a masterly article, "The 
Law of the Geoidal Slope and Fallacies in Dynamic Meteorology," 3 
endeavors to clear up some of the difficulties in the mathematics 
of a study of the wind. The earth is not a sphere but a geoid, the 
surface of which at each point is perpendicular to the plumb line 
at that point. The properties of a geoidal surface, assumed to 
rotate from the west to the east, he says, may be comprehended in 
a single statement: A geoidal surface is a neutral or horizontal 
surface only for bodies at rest upon it. That is, gravity is power 
less to set up any lateral motions around such bodies. The sur 
face slopes toward the equator for every body having a relative 
motion eastward and toward the pole for every body with a motion 
westward. A component of the force of gravity pulls the moving 
bodies down the slope. 

It is the pull of gravity down the geoidal slopes, not friction, 
which prevents the super-hurricane velocities given by the law of 
equal areas. The law of equal areas"in connection with rotation 
about the earth's axis cannot act alone, it must act with the slope 
effect. Indefinite changes of latitude with excessive velocities in 
longitude would occur on the assumption that the pull of gravity 
on the moving body is exactly perpendicular to the smooth geoid 
a condition not possible in nature. 

The crucial question at issue is: What is the nature of the 
frictionless circulation of the air of a polar hemisphere assumed to 
be warm at the equator and cold at the poles? 

By starting from observed pressure gradients Professor Marvin 
offers what he calls a rational polar cyclone to the circuinpolar 
cyclone of the mathematicians. 

a Monthly Weather Review, Vol. 48, pp. 565-582, October, 1920. 
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Attention is called once more to a weather map. 

The chart now represents not only a number of lines along which 
the pressure of the atmosphere at sea-level is equal; it represents the 
linear intersections of the sea-level surfaces with a system of warped 
isobaric surfaces, inclined one way or another at various angles. The 
gradient, which before represented only the direction and rate of 
decrease of pressure, or the inclination of the isobaric surfaces, is now 
given a definite value as a part of gravitative force. DAVIS. 

The engineer with literary tastes will greatly enjoy "The Winds 
of Heaven An Anthology, " edited by Alfred H. Hyatt and pub 
lished by Routledge & Sons, Ltd., of London. 



CHAPTER II 
CLASSIFICATION OF THE WINDS 1 

The earliest classification of the winds was in accordance with 
the direction from which they came. The ancient Hebrews, who 
did not define direction with modern exactness, mention in their 
Scriptures four winds: the North wind, cold and stormy; the East 
wind, strong and driving; the South wind, the wind of warmth 
and of the summer; the West wind, the wind of cool breezes and 
of spring. The author of Ecclesiastes must have been a close 
observer of nature for he writes: "The wind goeth toward the 
south, and turneth about unto the north; it turneth about con 
tinually in its course, and the wind re turneth again to its curcuits." 
But what does he mean when he writes: "He that observe th the 
wind shall not sow; and he that regardeth the clouds shall not 
reap"? 

In Athens near the Acropolis there is standing a small temple 
whose walls were built twenty-two centuries ago. It is known as 
the Tower of the Winds. Professor McAdie in his book, "Wind 
and Weather/ 7 gives reproductions of the eight bas-reliefs in the 
library of the Blue Hill Observatory which were copied from 
the frieze of this tower. The allegorical figures represented 
the characteristics of the weather as the wind blew from 
each of the eight cardinal directions. (The Athenians 
gave names to their winds. They were: Boreas, the north 
wind; Kaikias, the northeast wind; Apheliotes, the east wind; 
Euros, the southeast wind; Notos, the south wind; Lips, the 
southwest wind; Zephyros, the west wind; Skiron, the north 
west wind.) 

1 This chapter is an enlargement of an article, "Origin and Classification 
of the Winds," by the author, in The Canadian Engineer, Vol. 49, p. 335, 
September 22, 1925, 
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Between the " common appellations of winds" 2 in the time of 
Smeaton and the dynamical classification as given in a paper 3 
read before the Royal Meteorological Society there is a wide 
range. The former classification is elementary and the latter 
abstruse. 

The Beaufort Scale. A classification of wind that has been 

greatly used is that of the Beaufort Scale. In 1805 Captain 

CPFrancis Beaufort, afterward Admiral Sir Francis Beaufort, in 

jLxommand of the British warship Woolwich, devised a scheme for 

rendering the ship's log at once more concise and more compre- 

**"** hensive. He denoted the apparent strength of winds by numbers. 

v^The "Scale" was adopted by the British navy and although ves- 

vS sels of the Woolwich type have long been discarded, the Scale 

js^ is still used. The table here reproduced is taken from the Smith 

sonian Meteorological Tables, 1918, which in turn was taken from 

the Observer's Hand Book of the London Meteorological office. 

The velocity equivalents are based on extensive data collected 

and published in 1906 by the London office. A revision of 

designations for observers of the U. S. Weather Bureau went into 

effect January 1, 1925, as given in the table following. It may be 

noted that the majority of observers are dependent upon their 

j\>wn judgment as to the force of the wind instead of upon the 

^anemometer. To such the Beaufort Scale presents a simple and 

It-uniform method of recording observations. Other scales have 

been devised but have not dislodged the Beaufort. 

Professor McAdie writes of the Beaufort scale: "It is unfor 
tunate that it was ever seriously used by meteorologists." Pro 
fessor McAdie is mistaken. Without the Beaufort Scale our 
of the trade winds, the "roaring forties/' the Sargasso Sea, 



-would retain the vagaries and tales from travelers. In the absence 

^of anemometer records from ships, Beaufort Scale records are of 

^decided value. No desirable notation is at hand to replace 

^that on the Ocean Weather Maps of the U. S. Weather 

Bureau: 

"Arrows fly with the wind. 
Number of feathers indicate force, Beaufort scale." 

2 See Chapter IV. 

8 "On the Dynamics of Wind/' by Harold Jeffreys. Quarterly Journal 
Of the Royal Meteorological Society. Vol. 48 (1922), p. 29. 
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TABLE I 

SCALE OF VELOCITY EQUIVALENTS OF THE SO-CALLED BEAUFORT 
SCALE OF WIND 



Beaufort 
Number 


Explanatory 
Titles 


Mode of 
Estimating Aboard 
Sailing Vessels 


Specification 
for Use on Land 


Meters per 
Second 


Miles per 
Hour 





Calm 




Calm, smoke 


Less than 0.3 


Less than 1 








rises vertically. 






1 


Light air 




Direction of 


0.3-1.5 


1-3 








wind shown by 












smoke drift, 












but not by 












wind vanes. 






2 


Slight breeze 


Sufficient wind 


Wind felt on 


1.6-3.3 


4-7 






for working ship 


face; leaves 












rustle; ordi 












nary vane 












moved by wind 






3 


Gentle 




Leaves and 


3.4-5.4 


8-12 




breeze 




small twigs in 












constant mo 












tion; wind ex 






4 


Moderate 




tends light flag. 
Raises dust 


5.5-7.9 


13-18 




breeze 


Forces most ad 


and loose 










vantageous for 
sailing with lead 


paper; small 
branches are 










ing wind and all 


moved. 






5 


Fresh 


sail drawing 


Small trees in 


8.0-10.7 


19-24 




breeze 




leaf begin to 












sway; crested 
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TABLE II 

BEAUFORT SCALE OP WIND FORCE 



Force 


Explanatory Title 


Terms Used in 
United States 
Weather Bureau 
Forecasts 


Miles per Hour 


Statute 


Nautical 



1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 


Calm 


Light 


Less than 1 
1- 3 
4- 7 
8-12 
13-18 
19-24 
25-31 
32-38 
39-46 
47-54 
55-63 
64-75 
Above 75 


Less than 1 
1- 3 
4- 6 
7-10 
11-16 
17-21 
22-27 
28-33 
34-40 
41-47 
48-55 
56-65 
Above 65 


Light air 


Light 


Slight breeze. 


Light 


Gentle breeze . . 


Gentle . 


Moderate breeze 
Fresh breeze. . . 


Moderate 


Fresh . 


Strong breeze .... 


Strong. . . . 


High wind 


Strong 


Gale 


Gale 


Strong gale 


Gale 


Whole gale 
Storm 


Whole gale . 


Whole gale 


Hurricane 


Hurricane 







Beginning January 1, 1925, the above designations will be used in all wind 
forecasts and storm warnings issued by the Weather Bureau. 

Classification by Brocklesby. Professor John Brocklesby of 
Trinity College, Hartford, Conn., claims his " Elements of Meteor 
ology/' 1848, to be the first distinct treatise on the subject in the 
English language, except a translation from the German of 
Kaemtz's "Complete Course in Meteorology. " (Brocklesby evi 
dently was not acquainted with DanielPs "Elements of Meteorol 
ogy," 2 volumes, London, 1845.) Following the classification of 
Dove, an eminent German meteorologist, Brocklesby (as does 
Daniell) divides the prevailing winds of the world into three 
classes: Constant, Periodical and Variable. 

The Constant winds, known as the trade winds, prevail on each 
side of the equator as far as about 30 degrees of latitude. The 
Century Dictionary defines a trade wind as a wind that blows in 
a regular trade or course that is, continually in the same direc 
tion. The word trade in this connection does not relate to com 
merce. The trade winds form a part of the general system of 
atmospheric circulation arising from the permanent difference in 
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temperature between equatorial and polar regions. They blow 
from the tropical belts of high pressure toward the equator; as a 
northeast wind in the Northern Hemisphere and a southeast 
wind in the Southern Hemisphere. 

The Periodical winds blow alternately in one direction and then 
in another. The typical wind of this class is the monsoon (the 
name means season) of India which blows six months in one direc 
tion and six months in another. In the United States a familiar 
example of periodical winds is the land and sea breezes of the 
Atlantic coast. A breeze blows during the day from sea to land 
and during the night from land to sea. 

The Variable or irregular winds are those which blow some 
times in one direction, sometimes in another, seemingly without 
following any law. 

Classification by Davis. Davis, in his " Elementary Meteor 
ology " classifies the winds according to cause. Solar heat is the 
source of energy for eight winds to which he gives the names: 
Planetary, Terrestrial, Continental, Land and sea breezes, Moun 
tain and valley breezes, Cyclonic and other storms, Eclipse winds, 
Landslide and avalanche blasts. Lunar attraction is the source 
of energy for Tidal breezes and Telluric heat for Volcanic storms. 
The winds due to lunar attraction and telluric heat are insig 
nificant. 

Classification by Humphreys. Humphreys in his " Physics of 
the Air" classifies winds according to the conditions that initiate 
or materially modify them. He thus has: 

(a) Winds due chiefly to local heating. 

(6) Winds due to cooling. 

(c) Winds due to simultaneous local heating and local cooling. 

(d) Winds due to widespread heating and cooling. 

(e) Forced winds, or winds caused by other winds. 

Local Wind Designations. The local winds of a region appeal 
to a community more strongly than do the general movements of 
the atmosphere. A writer in Nature Magazine * says that there 
are about five hundred names of winds. He mentions an expert 
weather forecaster in Australia who gave a personal name to 
every one of these disturbances that appeared on the local weather 

4 Nature Magazine, March, 1925, pp. 163-157: "The Story of the Winds/ 1 
by Charles Fitzhiigh Talman. 
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map and he paid off grudges by naming the ugliest storms after 
his enemies. In many cases winds of identical character and mode 
of origin bear different names in different parts of the world. 
There are cases in which the same wind bears different names in 
different parts of its course " after the fashion of London streets/ 7 

Scores of winds bearing local names come from the Alps. 
Chief among them is the Foehn. The same wind is common in the 
United States, especially on the eastern side of the Rocky Moun 
tains where it is called the Chinook after the jargon of the Indians 
about Puget Sound. The Zondas of the Andes are similar winds. 
These are winds that blow down a mountain side bringing warm 
air instead of cold as might be expected. The Maloja wind of the 
Maloja Pass in Switzerland is a reverse valley breeze. The 
terrible Simoom is a wind that blows over the deserts of Asia and 
Africa. It is characterized by its high temperature and by the 
sands which it raises into the atmosphere and carries with it. 
The Sirocco of Italy, the Harmattan of Guinea and the Khamsin 
of Egypt are desert winds. The Pampero of South America is a 
cold southwest wind from the pampas or plains and the Buran of 
Russia is a cold northeast wind. The violent Bora of the Adriatic 
and the cold Mistral of the Rhone Valley are well known. Among 
names not so well known are the Solano of the Mediterranean, the 
Leste of the Madeira Islands, the Levanter of Gibraltar, the Doctor 
of the Cape of Good Hope, the Brickfielder of Australia, the 
Gregale of Malta, the Williwaus of Tierra del Fuego the list can 
be made quite lengthy. Milham in his "Meteorology" divides 
the cyclonic and local winds of the world into four groups accord 
ing to cause. 

A five-page article may be found in the Monthly Weather 
Review of August, 1922, on the "Etesiens," the characteristic north 
winds which blow during the summer in the region of the eastern 
Mediterranean. In the August, 1911, issue of the same periodical 
is an article (reprinted from elsewhere) by a member of the 
U. S. Geological Survey: "The Winds of the Yosemite Valley." 
To quote: 

The Yosemite region is not a "windy country anyway; but once ofc 
twice in a season does a gale arise to disturb its wonted tranquillity, 
and its daily zephyrs are such light, airy little nothings as scarcely to 
seem worthy of downright study. And yet they become singularly 
interesting when rightly understood. They turn out to be so surpris- 
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ingly systematic and withal so interestedly connected with the con 
figuration of the valley itself, that to one who has at length mastered 
their secret they grow to be one of its immanent features, as charac 
teristic and inseparable as El Capitan, or the Yosemite Falls. 

The winds of other localities are equally interesting as may be seen 
by reading "Some of the Local Winds of the Western Coast of 
North America/' by Ford A. Carpenter (Bulletin of the Southern 
California Academy of Sciences, May- June 1924). 

Definitions. The National Geographic Society to correct the 
popular misuse of terms issued in 1927 as a Bulletin the following 
definitions: 

A Gale is a strong, straight wind. 

Whirlwind: An eddy of air which whisks up dust; or a stronger 
whirl of air such as that which strips leaves from a cornfield and sends 
them hundreds of feet aloft. 

Tornado: A violent, powerful whirlwind, covering a small area, 
that sucks up heavy objects or twists them from their moorings. Its 
vertical forces are more important than its horizontal ones. 

Hurricane: A violent circular system of winds in the Tropics and 
semi-Tropics of the Atlantic and Caribbean, covering a considerable 
area and moving long distances. These are the strongest of the pre 
dominantly horizontal winds. One hundred miles an hour is their 
usual maximum for the winds toward the center of circulation. 

Typhoon: A hurricane in the tropical waters of the Pacific. 

Watersprotit: A tornado or violent whirlwind over water. 

Cyclone: A continually misused term. In popular parlance, any 
destructive wind is a " cyclone." Properly, a cyclone is a circular 
system of winds covering a great area (sometimes 1000 miles across) 
and including gentle breezes as well as stiff winds. Cyclones are 
beneficial rather than harmful. They give us most of our weather 
changes. Each " low " on the daily weather map has its cyclonic 
system of winds circulating around it. 

The Cyclone. According to Ferrel the cyclone is a gyratory 
motion around some central point. It is not always that a news 
paper editorial on a scientific or technical subject is sufficiently 
accurate to be quoted. A column in the New York Sun (issue of 
November 13, 1926) headed " Cyclones" is both concise and 
accurate. Some extracts will be given: 

Cyclones are tropical or extratropical as they originate within or 
outside the tropics. Tropical cyclones if they develop winds of destruc- 
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tive force are called in Atlantic waters " hurricanes." Those that 
originate in the Pacific or Indian Ocean are called " typhoons " or 
" baguio." The latter is a name of Spanish origin and is most often 
applied to these cyclones in the Philippines. 

Extratropical cyclones may originate anywhere north or south of 
the tropics, but generally in the zones of prevailing westerly winds at 
the surface and constant westerlies aloft. The great majority of these 
extratropical cyclones are large and shallow, causing only moderate 
winds but effecting considerable temperature changes by reason of the 
shifting of surface wind directions as the great whirl moves forward 
from west to east. The circuit of winds in these cyclones is so large 
that an observer at a given point does not recognize their curvature 
and they appear to him only as straight winds of greater or less force 
gradually shifting in direction. If of forty or more miles per hour 
the wind is properly designated a " gale." If above seventy-five miles 
it is still a gale, but may be characterized as "of hurricane force," 
although it is in no sense technically a hurricane. 

If in connection with and within the area of one of these large 
extratropical cyclones there develop small cyclonic whirls of great 
violence they are properly called " tornadoes " over land areas and 
" waterspouts " over water areas. Although a cyclone is hundreds 
of miles in diameter a tornado rarely exceeds half a mile and is usually 
much less than that. 

In the hurricane the wind may reach a velocity of more than a 
hundred miles an hour over a path from one to several hundred miles 
in width and thousands of miles in length; the tornado may produce 
winds in its narrow area greatly exceeding a hundred miles, and the 
heart or central core of the latter is a partial vacuum to the extent of 
the reduction in pressure of several pounds to the square inch. 

A chapter will be devoted later to the hurricane and the tor 
nado. The antithesis of these winds of high velocity are the 
calms of the equator and the tropics. Before the days of steam 
navigation ships if caught in one of these calm belts would lie 
becalmed for days. Yet it is in the equatorial belt, called the 
"doldrums," that tropical cyclones originate. The tropical belts 
were known as the "horse latitudes" because if horses were part 
of the cargo they were thrown overboard when the supply of 
water gave out. 

Gusts of Wind. The " Seamen's Handbook of Meteorology " 
defines a gust as a marked increase of the force of the wind and a 
squall as a gust of greater intensity and of longer duration. "At 
the Meteorological office, in accordance with international agree- 
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ment, the term gale is applied to winds that attain to a force of 
8 and upwards in the Beaufort Scale/' 

The Blizzard. The term blizzard is of American origin. 
Webster, New International Dictionary, 1928, defines it: "A dry, 
intensely cold, violent storm, with high wind and fine driving 
snow, such as those which originate on the eastern slope of the 
Canadian Rocky Mountains." The blizzard is at its zenith in 
Antarctica. Sir Douglas Mawson appropriately entitles his two 
volumes "The Home of the Blizzard," with sub-title, "Being the 
Story of the Australasian Antarctic Expedition, 19 11-19 14." A 
dense drifting snow, a temperature at 28 F. and wind blowing 
with a constant velocity of 95 to 100 miles per hour, presents a 
condition that cannot be equaled elsewhere. As Sir Douglas says: 

With regard to climate in general, Antarctica has the lowest mean 
temperature and the highest wind-velocity of any land existing. This 
naturally follows from the fact that it is a lofty expanse of ice-clad land 
circumscribing the Pole, and that the Antarctic summer occurs when 
the earth is farther from the sun than is the case during the Arctic 
summer. 

Defoe's Classification. As a conclusion to this chapter the 
following will be given: Daniel Defoe, of "Robinson Crusoe" 
fame, was the author of "The Storm; or, a Collection of the most 
Remarkable Casualties and Disasters which happened in the Late 
Dreadful Tempest Both by Sea and Land. London MDCCIV." 
(A copy of this rare book is in the Library of Columbia University, 
New York City. The storm referred to is the "Great Storm" 
of 1703.) The first chapter is entitled "Of the Natural Causes 
and Original of Winds." In the second chapter "our Sailors bald 
Terms" are set down in a "Table of Degrees." The "Degrees" 
are 

Stark Calm A Top-sail Gale 

Calm Weather Blows fresh 

Little Wind A hard Gale of Wind 

A fine Breeze A Fret of Wind 

A small Gale A Storm 

A fresh Gale A Tempest 

The author alludes to "that terrible Tempest which scattered 
Julius Caesar's Fleet, or the same that drove Aeneas on the Coast 
of Carthage. And in more modern times we have a famous 
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Instance in the Spanish Armada: which after it was rather frighted 
than damaged by Sir Francis Drake's Machines, not then known 
by the name of Fireships, were scattered by a terrible Storm and 
lost upon every Shore/' He later concludes, "but I am still of 
opinion, such a Tempest never happened before as that which is 
the Subject of these Sheets: and I refer the Reader to the Par 
ticulars" which he proceeds to give. The storm began, he tells 
us, on Wednesday, Nov. 4, and continued until one o'clock of the 
afternoon of the following Wednesday when the wind abated, 
until by four o'clock there was not a breath of wind. "Thus 
ended the Greatest and the Longest Storm that ever the World 
Saw." 



CHAPTER III 
HURRICANES AND TORNADOES 

I. HURRICANES 

The word hurricane has long been in the English language. 
Murray in his great "New English Dictionary on Historical 
Principles" says the word itself became frequent after 1650 and 
was established from 1688. He defines the word: 

A name given primarily to the violent windstorms of the West 
Indies, which are cyclones of diameter of from 50 to 1000 miles, wherein 
the air moves with a velocity of from 80 to 130 miles an hour round 
a central calm space, which with the whole system advances in a 
straight or curved track; hence any storm or tempest in which the 
wind blows with terrific violence. 

The Florida Hurricane of 1926. The West Indian hurricanes 
often reach the United States. A noted instance is the Florida 
hurricane of 1926. This is the most severe hurricane that ever 
reached the coast of the United States. At Miami 

The intensity of the storm and the wreckage that it left behind cannot 
be adequately described. The continuous roar of the wind; the crash 
of falling buildings, flying debris and plate glass; the shriek of fire ambu 
lances that rendered assistance until the streets became impassable; 
the terrifically driven rain that came in sheets as dense as fog; the electric 
flashes from live wires have left the memory of a fearful night in the 
minds of many thousands that were in the storm area. 1 

At Miami Beach a wind velocity of 128 miles per hour was 
registered. At Miami the anemometer of the Weather Bureau 

1 From a Report by Charles L. Mitchell, Meteorologist of the Weather 
Bureau at Washington. An. acknowledgment is here made to the courtesy 
of James H. Kimball of the Weather Bureau Station, New York City, who 
placed at the writer's disposal the records of the Bureau including the Report 
just quoted. 

22 
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is on top of the three-story post office. It registered a maximum 
of only 80 miles per hour because of surrounding high buildings. 
The Bureau estimated the maximum velocity to be 115 miles per 
hour. The barometer reached the phenomenal low record of 
27.61 in., the lowest ever recorded in the United States. At 
Pensacola a velocity was reported of 120 miles per hour for a 
period of 10 minutes and 100 miles per hour for most of the time 
for four hours. 

The loss of life in the state was 375, the number of families 
rendered homeless was estimated by the American Red Cross to 
be 15,700. The property loss was great. It should be noted that 
in the few years previous to this hurricane southern Florida had 
become almost an insane asylum in the matter of speculation in 
real estate. Miami, with a population of 29,000 in 1920 had 
increased to 125,000 in 1925. A feverish increase in the demand 
for houses and places of business led to hasty building construction, 
much of which was flimsy and would give way to any untoward 
condition. 

Some generalizations drawn by F. E. Schmitt, editor of 
Engineering News-Record, who visited the storm zone for the 
purpose of study were: The best-built structures resisted the 
storm either wholly or with minor loss. Good construction was 
not dependent on specific materials. Anchorage failed very com 
monly, both in the lifting of roofs and in the lifting, rolling over 
or bodily shoving of houses and garages. Parapet walls were 
blown over or torn off in great numbers. Hollow tile and concrete 
block walls other than parapets failed extensively. Roofing 
materials made an unsatisfactory showing. Roofs ripped away 
almost everywhere in whole or in part. Windows were blown in 
everywhere, and window destruction was reported to have been 
the first happening in the wrecking of many houses. 

Of particular interest to the designing engineer is the behavior 
of the many-storied buildings of Miami. The structural engineer 
of the Miami department of building inspection writes: 

Only two out of 25 or 30 large buildings in downtown Miami were 
seriously damaged by wind pressure. This would seem to indicate 
that if properly designed and built the pressure of 20 Ib. per sq. ft. 
specified by the Miami building code is sufficient for buildings up to 
20 stories high. The new code, however, will call for an increase in 
pressure depending on the height of the building. 
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One of these buildings, a 15-story structure, was so damaged 
that it was torn down above the fourth floor. A Report 2 made 
by a Committee of the American Society of Civil Engineers 
assigns as the cause of the failure of this building the weakness of 
the wind bracing, especially the details. 

Although the property loss in the Florida hurricane of 1926 
was greater than in other hurricanes, the loss in life was exceeded 
by the Galveston hurricane of September 8, 1900 (6000); the 
hurricane along the Georgia and South Carolina coasts, August 
28, 1893 (2000), and the hurricane on the Louisiana coast, October 
2, 'l893 (1500). 

The Porto Bican Hurricane of 1928. The severest hurricane 
that ever devastated the West Indies of which records are available 
is the Porto Rican hurricane of September 13, 1928. At 11 :44 A.M. 
the anemometer at the office of the II. S. Weather Bureau in 
San Juan lost one of its cups just after recording a maximum 
velocity (the greatest average velocity for a 5-rninute period) of 
150 miles per hour, and an extreme velocity (the velocity of the 
fastest mile in a one-minute period) of 180 miles. These velocities 
probably excel all official records of the Weather Bureau for 
similar storms. The storm increased in intensity for three hours 
after the record of 150 miles was made. 

The storm center moved across the island in about 8 hours at 
the rate of 13 miles per hour. The greatest intensity of wind was 
felt through a strip of less than one-half the width of the island 
but the entire island was devastated. The loss of life was reported 
at 300. More than 500,000 people were rendered homeless and 
material losses were estimated from $50,000,000 up. The losses 
to the government of Porto Rico were heavy roads damaged, 
bridges swept away. More serious still was the injury to crops. 
Sugar and tobacco interests lost heavily. The coffee and citrus 
crops suffered badly. In addition to the loss of the coffee crop 
the shade trees requiring years to replace were largely destroyed. 
Probably 80 per cent of the inhabitants of Porto Rico live in the 
rural districts. Their buildings were of such flimsy construction 
that great numbers of them were leveled to the ground. 

Perhaps the most interesting structures to the engineer are the 
600-ft. wireless towers at Cayey. The effects of the wind were as 
destructive here as anywhere, yet the towers stand a credit to 

2 Proceedings American Society of Civil Engineers, August, 1928. 
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their designers. The army barracks near-by collapsed completely, 
as did several large tobacco sheds both of wooden and of reinf orced- 
concrete construction. Telegraph poles, both steel and wood, were 
laid low. Although self-supported steel stacks swayed violently 
they stood up where guyed stacks were blown down. Perhaps the 
fierce impulses of the wind snapped the guys when a self-supported 
stack yielded by swaying. 

The Florida Hurricane of September 16, 1928. The Porto 
Rican hurricane struck the Palm Beaches of southeastern Florida 
September 18, followed an irregular course with lessened velocity 
into Georgia and thence traveled along the Atlantic seaboard. 
Roughly speaking, the area of greatest damage extended about 
25 miles north of West Palm Beach and an equal distance south, 
but extended west into the Everglades to the eastern shores of 
Lake Okeechobee. The entire southern and eastern shores of the 
lake are confined by dikes to prevent overflow into the Everglades. 
The hurricane produced a strong west and northwest wind, piling 
the water up at the southeast side of the lake to such an extent 
that it topped the levee and railroad embankment and flooded the 
whole eastern Everglades Drainage District of 1,000,000 acres. 
The loss of life exceeded 1000. 

The lesson of the Florida hurricane of 1928 is the same as that of 
the one in 1926 and of all similar disasters, and can be expressed in few 
words: Well-designed structures, honestly built of reliable materials, 
have again demonstrated their trustworthiness; skimped design and 
shoddy construction, either as to quality of materials or workmanship, 
resulted in enormous loss. 3 

Precautions to be Taken. Prevention of damage to dwellings 
and ordinary business buildings may be greatly helped if the 
following recommendations are followed: 

In residential and ordinary building construction the following 
points are worth attention : Wooden shutters would prove to be a won 
derful safeguard to residences. In wood-frame buildings it is impor 
tant to take particular care that the rafters are spiked securely to the 
side walls and the ends of all partitions are well spiked to the walls. 
Such buildings should also be anchored to their foundations, and should 
not have to depend on weight alone to resist being turned over or 
shoved off their base. Tile and cement block construction for resi- 

3 "Florida Storm Damage Confined Largely to Poorly Built Structures," 
by R. S. Tilden, Engineering News-Record, Vol. 101, p. 515, October 4, 1928. 



26 HURRICANES AND TORNADOES 

dences, small stores and apartment buildings should be laid up in cement 
mortar. 4 

For proposed industrial and office buildings, especially those 
of steel-frame construction, the designer has before him two 
questions: (1) What are the chances of occurrence of a hurricane? 
and (2) What degree of wind force to be resisted shall be assumed 
in the design of his structure? No definite answer can be given 
to either question. Although no country is absolutely free from 
winds of hurricane force there are sections that are specifically 
hurricane regions. 

II. TORNADOES 

The tornado, from a Spanish word meaning to turn, is a 
whirling wind distinguished from all other winds as the most 
destructive known to mankind. The concentration and intensity 
are terrible. A graphic description of this phenomenon is that 
given by Professor Robert de Courcy Ward: 

Briefly stated, a tornado is a very intense, progressive whirl of 
small diameter, with inflowing winds which increase tremendously in 
velocity as they near the center, developing there a counterclockwise 
vorticular ascensional movement whose violence excels that of any 
other known storm. ... It is as ephemeral as it is intense. In semi- 
darkness accompanied or closely followed by heavy rain, usually with 
lightning and thunder, and perhaps hail, the tornado does its terrible 
work. Almost in an instant all is over. The hopeless wreck of build 
ings, the dead and the injured, lie on the ground in a wild tangle of 
confusion. The tornado has passed by. Fortunately for man, tor 
nadoes are short-lived, have a very narrow path of destruction, and 
are by no means equally intense throughout their course. 5 

The causes of the tornado and the mathematics thereof are 
quite complicated. These are discussed at length by Ferrel in 
his "A Popular Treatise on the Winds." 

Humphreys, an authority on the subject, writes: 

The tornado as we now understand the term, is a slightly funnel- 
shaped, circular column of upwardly spiral winds of great velocity. 

4 "The Florida Hurricane and Some of Its Effects," by F. E. Schmitt, 
Engineering News-Record, Vol. 97, p. 586, October 7, 1926. 

8 Lempfert, "Meteorology," quoted from Quarterly Journal Royal 
Meteorological Society, June, 1917. 
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It may or may not reach the surface of the earth, but where it does, 
practically everything it touches is torn to pieces. Presumably, this 
terrifying storm is caused by convection between walls of northwest 
and southwest winds flowing past each other along a windshift line in 
midair conditions strongly favored by the position of the Gulf of 
Mexico and the trend of the Rocky Mountains. 6 

In the British Isles and in many other countries tornadoes are 
almost unknown. They are a distinctly American phenomenon 
because, as Professor Humphreys states ; nowhere else does the 
same combination of mountain and ocean wind control exist as 
that with the Rocky Mountains on the west and the Gulf of 
Mexico on the south. 

The Tornado Record. "About a hundred tornadoes occur 
each year in the United States/' says the Daily Science News 
Bulletin (Washington) of Science Service, "and they take a toll of 
about 300 lives yearly on the average." This toll of life is far 
below that of the automobile, but it is more spectacular. The 
Weather Bureau does not issue forecasts of tornadoes other than 
to warn of "severe local storms." The same tale of devastation 
is common to all. Turning to the New York Times we find in the 
issues of April 12, 22, 25, 27 and May 3, 1929, headlines: 

Tornado dead at 53 in Arkansas towns 

Tornadoes kill 22 in the Southwest 

Seven killed in Texas village by tornado 

Tornado death toll reaches 87 in South 

26 killed, hundreds hurt by tornadoes in 8 states. 

It may be noted that we hear only of the tornadoes that pass over 
populated communities. 

The illustration recorded in the daily press of the titanic power 
of the tornadoes that swept the Middle West, March 18, 1925, 
are paralleled by similar ones of long ago. In a tornado of 1871 
a locomotive of 40 or 50 tons weight was overturned and a sleeping 
car was carried 75 ft. and then blown over. In the March, 1925, 
tornado a 160-ft. steel railroad bridge was lifted from its piers and 
moved 6 ft. at one end and 21 in. at the other. The freaks recorded 
would be unbelievable if not well attested. Brocklesby mentions 
fowls being stripped of their feathers. Wagon wheels have been 

6 "Our Worst Storm, the Tornado," by Dr. W. J. Humphreys. Scientific 
American, August, 1917. 
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stripped of spokes and felloes, leaving nothing but the hubs. 
Fourteen pigs were once carried a distance of one mile and dropped 
to the earth without injury. Straws have been driven end on into 
the bark and wood of trees. 

The records of tornadoes in the United States are quite com 
plete. Colonel John P. Finley, a leading authority on the subject, 
as long ago as 1882 compiled a "Report of the Character of Six 
Hundred Tornadoes." In this report Kansas takes the lead with 
62, followed by Illinois with 54. In a report he made some years 
later Missouri takes the lead. In " Tornadoes in the United States 
in 1924" 7 he places Kansas with 17 storms at the head of the list, 
followed by Georgia with 12 storms and Alabama with 11 storms. 
Beginning with 1914 careful records have been made of each 
tornado occurring in Kansas. The total number tabulated for 
the 15-year period is 176, the total number of deaths directly due 
to these tornadoes 102, and the property loss a little in excess of 
$10,000,000. 

Undoubtedly, Kansas is in what is known as the tornado belt of 
the country but it is interesting to note that it lies at the western edge 
of this belt. There is no reason to think that Kansas is more infested 
with tornadoes than several other states. ... A discussion of tor 
nadoes showed during twenty-five years more tornadoes per unit area 
in Iowa than in Kansas and practically as many in Arkansas, Illinois 
and Missouri. 8 

The St. Louis Tornado of 1896. In the St. Louis tornado of 
May 27, 1896, 125 persons lost their lives and 7000 buildings were 
destroyed or damaged. An informing description and study of 
this tornado is given by Julius Baier in a paper, "Wind Pressure in 
the St. Louis Tornado." 9 In the Lorain, Ohio, tornado of 
July 10, 1924, 65 persons were killed and 1000 buildings were 
wrecked. The tornado that swept through the Middle West in 
March, 1925, was really several distinct and separate tornadoes. 
The toll of life numbered nearly 1000 and the loss of property was 
heavy. 

7 The Insurance Press, January 28, 1925. 

s "Kansas Tornadoes/' 1914-1928. S. D. Flora, Monthly Weather Review, 
October, 1928. 

9 Transactions American Society of Civil Engineers, Vol. XXXVII, 
pp. 221-286, June, 1897. 
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The St. Louis Tornado of 1927. Of recent tornadoes in the 
United States the St. Louis tornado of September 29, 1927, was 
the most destructive. In the few minutes between 1:00 and 
1:10 P.M. of the storm's passage a residential district covering 
more than 200 blocks was transformed into a mass of wreckage. 
More than 3000 houses were seriously damaged, the total damage 
to buildings was approximately $25,000,000. The death list, how 
ever, reached the small number of but 82 and the cases of serious 
injury demanding hospital attention were less than 1000. A 
report of this tornado made by a joint committee of the 
Engineers' Club of St. Louis and the St. Louis Chapter, 
American Institute of Architects, is of great value both in its 
description of the action of the storm, its ' comments and its 
recommendations. 

Summary for 1928. Windstorms and tornadoes that swept 
over this country in 1928 took the lives of nearly 2000 persons 
and caused property damage of about $50,000,000, according to a 
preliminary report received by the Travelers Fire Insurance Com 
pany from the U. S. Weather Bureau. In 188 tornadoes, 79 lives 
were lost, whereas in 180 windstorms the death toll was 1860. The 
amount of damage done by tornadoes was about $13,000,000. 
Windstorms caused property damage exceeding $35,000,000. 

During the 13-year period from 1916 to 1928 inclusive it has 
been estimated that 1400 tornadoes occurred in the United States, 
and that the property damage amounted to $173,000,000, or an 
average annual loss of more than $13,000,000. 

The structural engineer dealing with problems of the tornado, 
like the one who deals with hurricanes, asks the two questions: 
What is the probability of occurrence of a tornado? and What 
provision can be made to resist its force? 

The Probability of Occurrence of a Tornado. The probability 
of occurrence of a tornado in a given area is fortunately quite 
remote. The state of Kansas has an area of 82,000 square miles. 
The average number of tornadoes reported for the past 15 years 
was slightly less than 12 per year. The area of destruction is 
comparatively small. In the St. Louis tornado of 1896 it was 
from 4 to 6000 ft. wide and about 3 miles long. In the 1927 
tornado the width of the storm path was from 300 to 6000 ft. 
and the total length about 20 miles, 8 of which were within the 
city limits. On an assumed area of destruction of 10 square miles 
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it would take nearly 700 years for the whole of Kansas to be 
included. 

The Direct Pressure of the Wind. Consider now the second 
question. The force of the wind, measured in pressure per square 
foot of exposed surface, depends upon its velocity. The velocity 
of a tornado in its fury has never been measured. Professor 
Bigelow from the best data available calculated it to be 400 or 
more miles per hour in the St. Louis tornado of 1896. No form 
of building construction can resist such a velocity. The modern 
office building has not as yet been tested by a tornado. The 
St. Louis tornado of 1896 passed nearly a mile from the business 
section of the city and that of 1927 nearly three miles. In 
the Lorain, Ohio, hurricane of 1925 a steel-frame hotel had only 
part of the roof cornice torn away, but the city engineer reported 
that no structural conclusions concerning tornado damage were 
possible, "for what was proven in one block was disproven in the 
next. 77 In this connection the report of the St. Louis tornado 
previously mentioned will be quoted : 

The wind velocity near the center of the tornado probably reaches 
400 to 500 miles per hour over a small area and it is not to be expected 
that any economical construction can withstand the force which will 
result. On the other hand there seems to exist on either side of the 
tornado vortex a strip of varying width which is subjected to direct 
wind pressure of high intensity but not too great to be met by econom 
ical construction. This effect is plainly observed when making a study 
of a tornado path. It would seem that in this particular area the dam 
age might be reduced to less than one-fourth if buildings were properly 
constructed to withstand wind pressure ordinarily specified in a building 
code. 

This refers to direct wind pressure. 

The Explosive Effect of a Tornado. Damage is due to the 
explosive effects of the tornado as well as to direct wind pressure. 
Because of the rotary motion and the rapidity with which the 
tornado moves a partial vacuum is created. An internal pressure 
is thus set up, the intensity of which depends upon the difference 
between the atmospheric pressure inside and outside of the build 
ing. This is ofteii more than the building can resist. The 
U. S. Department of Agriculture has widely circulated a reprint 
of an article, " Tornado-Resistant Construction of Buildings Pos 
sible by Venting/ 7 by L, V. Teesdale, Engineer in Forest Products. 
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As may be inferred from the title, the first of Mr. Teesdale's 
"General Rules for Reducing Tornado Hazards" is " Pro vide 
automatic means of venting side walls and attics of buildings.' 7 
This remedy is quite limited in its practical application, and as 
Mr. Teesdale himself says, "There may be some question as to 
whether any automatic vents would act quickly enough to save a 
building." 

Damage from Flying Debris. Serious damage to buildings in 
violent windstorms also comes from flying d6bris. Unanchored 
framework, loose roofing material, sign boards, window frames not 
fastened to the walls and walls laid in lime mortar or not properly 
bonded are often blown with such force as to demolish any struc 
ture that they strike. The remedy is only in better construction 
for new buildings and repairing defects as far as practicable in 
existing ones. 

Figure 3 shows the paths of some of the West Indian hurricanes 
of 1928. Figure 4 shows the path of the hurricane that swept 
over Cuba in 1926. 
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Monthly Weather Review, September, 1928. 

FIG. 3. Paths of Hurricanes of 1928. 



It will be seen from the above map, that the hurricane of 
September 11-17, previously described, was the fourth to pass 
over the West Indies during the hurricane season of 1928, 
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FIG. 4. El Ciclon de 1926 sobre Habana. 
The 1926 cyclone through Havana, from monograph of same name. 



CHAPTER IV 
WIND PRESSURE AND WIND VELOCITY 

The question of wind pressure is one of vital importance to the 
structural engineer. It is becoming more and more so as higher 
and higher structures are being built. It would require not one 
volume but many to contain all that has been written on the 
relation of wind pressure to wind velocity. Even the engineer 
who cares to know only the wind pressure in pounds per square 
foot for which he shall make provision will be better equipped for 
designing if he is acquainted with the foundations on which 
ordinary practice rests. 

Standard Air. It is almost universal custom to take as 
standard pressure that which corresponds to a mercury barometer 
reading of 760 mm., or 29.92 in. In force units this is 14.70 Ib. 
per sq. in., 2117 Ib. per sq. ft., or 10,333 kg. per sq. m. The 
temperature standard adopted varies considerably but is usually 
32 or 60 where the Fahrenheit system is employed and or 
15 C. The density of dry air at standard pressure is 0.08071 Ib. 
per cu. ft., or 1.293 kg. per cu. m. at 32 F. and 0.07637 Ib. per 
cu. ft. at 60 F. Density is directly proportional to pressure. 1 

Measuring Wind Pressure and Velocity. Wind pressure has 
been measured direct and independent of the velocity. Of the 
methods of doing this the most favorably known is that by the 
Dines pressure-tube anemometer. The instrument is a modifica 
tion of the Pitot tube. It is especially adapted to recording pres 
sure during gusts and rapid velocity changes. It is used in 
England more than in the United States. Dines has made many 
valuable contributions to the study of the wind. 2 

1 From "Aerostatics," by Edward P. Warren in. the Ronald Aeronautic 
Library. 

2 See Quarterly Journal of the Royal Meteorological Society, Vols. XIV, 1888; 
XV, 1889; XVI, 1890 and following years. 
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Pressure is almost universally determined in terms of the 
velocity. Hence, the prime importance of measuring the velocity 
of the wind correctly. Attempts to do so have been made with 





Pressure 



Suction 



Section of vane, 
showing arrangement of pipes 



Section of Dines Anemometer 
showing float and air tubes 



FIG. 5. 



all manner of devices for the past two centuries. The science of 
Anemometry has an extensive literature of its own. The velocities 
obtained by all methods are more or less in error, some of them 
very much so. 
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The Robinson Four-Cup Anemometer, or some modification of 
it, has been used perhaps more than all other instruments combined. 

The two great merits of this instrument are its simplicity and the 
absence of a wind vane. On the other hand it leaves a short but violent 
gust unrecorded. DINES. 






FIG. 6. Four-Cup Robinson Anemometer. 



Dr. Robinson, who was connected with the observatory at 
Armagh, Ireland, writes: 

After some preliminary experiments I constructed in 1843 the essen 
tial parts of the machine, a description of which I now submit to the 
Academy, and I added in subsequent years such improvements as 
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were indicated by experience. It was complete in 1846, when I 
described it to the British association at Southampton. 3 

Dr. Robinson concluded from his experiments that no matter 
what the size of the cups or the lengths of the arms, "the centers 
of the hemispheres move with one-third of the wind's velocity, 
except so far as they are retarded by friction. " This has been 
disproved. As it is the indicated velocity that is published, many 
published velocities are in error. 

The U. S. Weather Bureau prescribes that each pattern of 
anemometer should have its particular law of rotation determined 
by special experiment. Its standard instruments (where not 
replaced by the three-cup anemometer) have hemispherical cups 
4 in. in diameter on arms of a length 6.72 in. from the vertical 
axis to the center of the cups. The indicated velocity is not the 
true velocity. The correction formula, recommended by Pro 
fessor Marvin and adopted by the Weather Bureau, is: 

Log V = 0.509 + 0.9012 log v 

in which V is the actual or true velocity of the wind and v is the 
indicated linear velocity of the cup centers, both in miles per hour. 4 
It may be interesting to give an illustration of the determina 
tion, by the formula, of true velocity. 5 For example, let the 
indicated velocity be 60 miles per hour. This means that the 
velocity of the center of the cups is 60^ 3 = 20 miles per hour, 
the one-third relation being incorporated in the train of gears 
which counts the number of revolutions made by the anemom 
eter cups. Now the logarithm of 20 is 1.30103. To compute 

8 Transactions of the Royal Irish Academy, Vol. XXII, Part III (1852): 
"Description of an Improved Anemometer for Registering the Direction of 
the Wind, and the Space Which it Traverses in Given Intervals of Time." 
By the Rev. Tfhomas] R[odney] Robinson, D.D., Member of the Royal 
Irish Academy, and of other Scientific Societies. Read June 10, 1850. 

4 "Report on Wind Pressure and the Measurement of Wind Velocities/' 
Appendix 25 in Report of the Chief Signal Officer, Vol. IV of the Annual 
Report of the Secretary of War for 1890. 

5 A professor of engineering in a letter to the author said that he could not 
check the corrected- velocities in the published table with the formula. 
Referring the matter to Professor Marvin the example given was received in 
reply. 
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the real velocity by the formula by the use of logarithms we 
proceed as follows: 

(1) Log 20 = log v = 1.30103 

(2) Log (log 20) = 0.11428 

(3) Log (0.9012) = 9.95482 - 10 

(4) Sum (2) and (3) = 10.06910 - 10 
Anti-log (4) 1 . 1725 

Add 0.509 



Log V = 1.6815 
V = 48.03 

It may be stated here that Professor Marvin made the first 
thorough study, employing the most accurate methods known of 
this pattern and dimensions of Robinson anemometer. 6 

The true velocity can easily be obtained from the indicated 
velocity by means of the table on p. 38. 7 

These values of the true velocity differ in some cases slightly 
from those obtained by the Marvin formula. This is explained 
in a Memorandum by Mr. Fergusson sent to the writer: 

The table of corrections given in the paper " New Standards of 
Anemometry }} (April 1924) is from actual observations of several 
instruments in the wind-tunnels, the final values of which were cor 
rected to natural-wind conditions as were the earlier whirling-machine 
data. 

The agreement of the whirling-machine data of 1888-1889 with 
those of the wind-tunnels in 1922-1923 must be considered very close; 
the differences exceed one unit at only one point, and could be detected, 
in ordinary usage, only by a long series of comparisons. 

New Three-Cup Anemometer. Beginning January 1, 1928, 
new three-cup anemometers were put into use at all first-order 
stations in continental United States. These anemometers are 
the outcome of much study and experimentation. 8 

6 "The Measurement of Wind Velocity." Monthly Weather Review , 
Vol. 17, p. 52, February, 1889. 

"Comparison of Anemometers." Monthly Weather Review, Vol. 18, p. 22, 
January, 1890. 

7 "New Standards of Anemometry," by S. P. Fergusson and R. N. Covert. 
Monthly Weather Review, Vol. 52, p. 216, April, 1924. 

8 "New Standards of Anemometry," by S. P. Fergusson and R. N. Covert. 
Monthly Weather Review. Vol. 52, p. 216, April, 1924. 
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TABLE III 

CORRECT OR TRUE VELOCITIES CORRESPONDING TO VELOCITIES INDICATED 
BY THE STANDARD FOUR-CUP ROBINSON ANEMOMETER OF THE WEATHER 
BUREAU 

(In Miles an Hour) 



Indi 
cated 
Velocity 





1 


2 


3 


4 


5 


6 


7 


8 


9 









2.2 


3.2 


4.2 


5.1 


6.0 


6.9 


7.8 


8.6 


10* 


9.3 


10.2 


11.2 


12.0 


12.8 


13.5 


14.3 


15.0 


15.7 


16.5 


20 


17.3 


18.1 


18.9 


19.7 


20.5 


21.3 


22.0 


22.7 


23.4 


24.2 


30 


24.9 


25.7 


26.4 


27.2 


28.0 


28.7 


29.4 


30.2 


30.9 


31.6 


40f 


32.3 


33.1 


33.8 


34.5 


35.2 


36.0 


36.8 


37.5 


38.2 


38.9 


50 


39.7 


40.5 


41.3 


42.0 


42.7 


43.4 


44.1 


44.9 


45.6 


46.3 


60 


47.0 


47.8 


48.6 


49.2 


50.0 


50.7 


51.5 


52.2 


52.9 


53.7 


70 


54.4 


55.1 


55.8 


56.5 


57.2 


58.0 


58.7 


59.4 


60.1 


60.9 


80 


61.7 


62.4 


63.1 


63.8 


64.5 


65.3 


66.1 


66.9 


67.6 


68.3 


90| 


69.1 


69.8 


70.5 


71.3 


72.1 


72.9 


73.6 


74.3 


75.0 


75.7 


100 


76.5 


77.2 


78.0 


78.7 


79.4 


80.2 


80.9 


81.6 


82.3 


83.1 


110 


83.8 


84.5 


85.2 


85.9 


86.7 


87.5 


88.3 


89.0 


89.7 


90.5 


120 


91.3 


92.0 


92.7 


93.5 


94.2 


95.0 


95.8 


96.4 


97.1 


97.9 


130 


98.7 


99.5 


100.2 


101.0 


101.8 


102.6 


103.3 


104.0 


104.7 


105.4 


140 


106.2 


107.0 


107.8 


108.6 


109.3 


110.1 


110.8 


111.5 


112.2 


113.0 


150 


113.8 


114.5 


115.2 


115.9 


116.6 


117.4 


118.2 


119.0 


119.7 


120.5 


160 


121.3 


122.0 


122.7 


123.4 


124.1 


124.8 


125.5 


126.3 


127.1 


127.8 


170 


128.5 


129.2 


129.9 


130.7 


131.5 


132.3 


133.0 


133.8 


134.5 


135.2 


isoir 


135.9 


136.6 


137.3 


138.1 


138.9 


139.6 


140.3 


141.1 


141.8 


142.5 


190 


143.3 


144.0 


144.7 


145.5 


146.2 


146.9 


147.7 


148.4 


149.2 


149.9 


200 


150.7 





















* Average velocity in the United States. 

t Average standard of gale. Highest standard velocity by whirling machine in 1890 
35 miles an hour. 

$ Average standard of hurricane. Highest velocity by whirling machine in 1913, 67 
miles an hour. 

Highest velocity usually recorded at exposed stations. 

Tf Highest wind at the earth's surface, 186 miles an hour (indicated) on Mount Wash 
ington, January, 1876. Highest standard velocity in wind tunnel, 1922, 61 meters a 
second, or 137 miles an hour. 

This anemometer runs so close to the true velocity of the wind that 
errors in the anemometer itself are smaller than errors from other 
sources, such as those due to exposure, variability in velocity during 
the time period chosen, the mechanical condition of the anemometer, 
and limitations in making and interpreting the record. Hence, the 
indicated values from the new instrument will be recorded, reported 
and published without correction. 9 

9 "New Three-Cup Anemometer." Monthly Weather Review, Vol. 55, 
p. 533, December, 1927. 
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The error does not reach 1 per cent until a velocity of 30 miles 
per hour is reached and does not reach 4 per cent until 80 miles 
is reached. 

From the foregoing it is seen that there is much confusion in 
published anemometer records. It is important to know the 




(Courtesy of U. S. Weather Bureau.) 
FIG. 7. Three-Cup Anemometer. 

method of obtaining the published velocity and the correction 
formula, if any, to be applied, before conclusions can be drawn. 

Variations of Velocity Due to Gusts. Wind velocity is by no 
means uniform even for short intervals of time. Marvin, in the 
report quoted, writes, "It is important to know that momentary 
pressure as much as 35 per cent of the mean pressure may con- 
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tinually occur and recur." Langley 10 graphically illustrates the 

variations he observed by 
plates, one of which is 
here reproduced. 

The highest wind ve 
locity recorded in New 
York City since 1871 by 
the U. S. Weather Bureau 
is 96 miles per hour sus 
tained for a period of 
five minutes. During one 
minute of that time the 
indicated velocity was 120 
miles per hour, corre 
sponding to a corrected 
velocity of 91,3 miles. 

Variation of Velocity 
with Height. Wind ve 
locity increases with 
height because the fric 
tion of the air and the 
earth reduces velocity 
near the ground. Dur 
ing 1889 extended obser 
vations were made from 
the top of the Eiffel 
Tower and simultane 
ously from the meteoro 
logical station near the 
base. The average veloc 
ity of the observations 
FIG. 8. Wind Velocities Observed at Smith- at the top (elevation 
sonian Institution, February 20, 1893, with 994 ft.) was 15.8 miles 
a Robinson Anemometer (Aluminum Cups) p er hour and at the 
Registering Every Five Revolutions. bage station (eleyation 

69 ft.) was 5 miles per 
hour. On account of 
the low velocities these figures are of little use to the strac- 

10 "The Internal Work of the Wind." Smithsonian Contributions to 
Knowledge, No. 884. 
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tural engineer. (For higher velocities the differences were 
less.) 

The Stevenson formula 11 so often quoted in textbooks is 

17 / H 

7 = ' 



+72 

in which V is the velocity at a height H and v is the velocity at a 
lesser height h. The observations of Stephenson were made on 
heights not exceeding 50 ft. and on winds varying from 2 to 44 
miles per hour. This is too limited a range for the structural 
engineer, although Stevenson later wrote 12 that the formula 
"should be applicable to lofty engineering structures such as 
lighthouse towers, chimneys, and high-level bridges." 

Another formula often quoted is the Archibald formula. Pro 
fessor Archibald 13 endeavored to determine values for the expo- 

v /HY 

nent x in the equation ==(--. His observations are sugges- 



v h 
tive as seen from the following table. 

TABLE IV 
OBSERVATIONS BY ARCHIBALD 
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I 


1 


7 


250 


102 


176 


1395 


1617 


1174 


0.372 


2 


3 


322 


128 


225 


1955 


2232 


1679 


0.307 


3 


8 


407 


179 


293 


1545 


1705 


1385 


0.275 


4 


5 


549 


252 


400 


1940 


2107 


1773 


0.237 


5 


9 


795 


481 


638 


2074 


2192 


1957 


0.250 


6 


10 


1095 


767 


931 


2166 


2236 


2096 


0.194 



11 "Report on Simultaneous Observations of the Force of Wind at Different 
Heights above the (around. " Journal of the Scottish Meteorological Society, 
March, 1880, p. 348. 

12 Proceedings of Institution of Civil Engineers, Vol. 69, 1882, p. 120. 

13 "Some Results of Observations with Kite Wire Suspended Anemometers 
up to 1300 Feet above the Ground in 1883-85." Nature, Vol. 33, p. 593, 
April 22, 1886. 
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The Archibald formula is often given: 

V 
v 

Dines, who has given much study to the wind, says: 

Judging from the result of a 5 years' constant kite flying, it appears 
that the velocity at 1000 feet elevation (at inland stations such as 
Bushy) was quite double that at the surface, but there was certainly 
no regular rule with which the increase occurred. 14 

From the standpoint of the structural engineer the most 
valuable presentation of the subject yet published is that by 
S. P. Wing 15 (Civil Engineer, C. F. Elwell, Ltd.). The writer 
of the article during 1915 was located at the wireless station at 
Ballybunion, Ireland. While there he made observations from 
anemometers placed on top of a 492-ft. mast, a 300-ft. mast and 
from a third anemometer located first at 40 ft. and then at 15 ft. 
above the ground level. During the 40 observations the wind 
velocity varied from to 37 miles an hour and at times came from 
nearly every point of the compass. The general conclusions drawn 
are: 

1. At a locality whose elevation is close to sea level the wind velocity 
increases considerably with the increase in elevation above ground and 
does not reach the limit of its increase at 500 ft. 

2. This increase is limited by the gradient wind and probably does 
not exceed by 15 per cent the increase reached at 500 ft. 

3. The extreme variation in wind velocity at 750 ft. is between 140 
and 170 per cent of the ground velocity. 

4. An approximation to the actual pressure within a probable error 
of not more than 15 per cent is given by the equation 

P = 0.00126A + l.lQPff 

in which P = pressure in pounds per square foot at point h ft. above 
ground level and P ff = pressure at ground level. 

The wind pressure that should be assumed at the ground level 
is left for the designing engineer to decide for himself. The 

14 Proceedings of Institution of Civil Engineers, Vol. 171, p. 215, 1907-8. 

15 "Wind Pressures and the Design of Radio and High Transmission 
Towers/' The Electrician (London), July 1, 1921. 



RELATION OF WIND PRESSURE TO VELOCITY 



43 



equation given is assumed to apply to high velocities as well as 
those measured. Table V shows values obtained from the Wing 
equation. Mr. Wing places a modest value upon his experiments. 
"The results are too scattered/' he says, "to prove anything 
definitely." 

TABLE V 
WING FORMULA: P = (0.00126A-|-1.16)P (y 



h 


P 


P...(P ff =20) 


P...(P,=25) 


100 


1.286P,, 


25.72 


32.15 


200 


1.412P, 


28.24 


35.30 


300 


1.538P0 


30.76 


38.45 


400 


1.664P, 


33.28 


41.60 


500 


1.790P0 


35.80 


44.75 


600 


1.916P0 


38.32 


47.90 


700 


2.042P0 


40.84 


51.05 


800 


2.168P0 


43.36 


54.20 


900 


2.294P0 


45.88 


57.35 


1000 


2.420P0 


48.40 


60.50 



Practically nothing is recorded regarding velocities a few 
hundred feet above ground level when a wind of 60 or 70 miles 
per hour is blowing at the surface. What is needed is observa 
tions taken simultaneously at the top of radio towers during 
high winds at the lower level. 16 It would seem that some of the 
U. S. Government stations could be utilized for such a purpose. 
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Theory of Newton. Sir Isaac Newton was the first to give a 
theoretical treatment of the resistance of plates to the motion of 
fluids. His great work, the Principia (1686, 1713, 1726) treats 
in the second book of Motion of Bodies in Resisting Mediums. 
Section VIII of this book is entitled " Of Motion Propagated 
Through Fluids." A translation of Prop. XLVIII (Newton 
wrote in Latin) reads: 

16 Such observations were promised to the author several years ago, but 
the promise has never been, fulfilled. 
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The velocities of pulses propagated in an elastic fluid are in a ratio 
compounded of the subduplicate ratio of the elastic force directly, and the 
subduplicate ratio of the density inversely; supposing the elastic force 
of the fluid to be proportional to its condensation. 



in 



v 

This means that the velocity v varies as ~= or p varies as 

Vd 

dv 2 . For wind pressure, the density of the air being constant, 
we have the law that the pressure varies directly as the square of 
the velocity, which has remained almost undisputed since Newton's 
day. 

Furthermore, according to Newton, for an area of unity p = dh, 

I v 2 \ 

which hi = ) is the distance through which a heavy body 
\ %7/ 

must fall to acquire the velocity v, g being the acceleration due to 
gravity. This may be called the Newtonian theory and has been 
followed by a host of writers. Marburg, in " Framed Structures 
and Girders," will be quoted. Under " Wind Pressure " he 
writes: 

Theoretically the pressure p in pounds per square foot on a plane 
surface normal to the direction of flow of a fluid having a relative 
velocity v in feet per second, is equal to the weight of a vertical column 
of the fluid having a cross-section of 1 sq. ft. and a height h, in feet, equal 
to that through which a freely moving body must fall to acquire the 
velocity v. If w denotes the weight of the fluid, in pounds per cubic foot, 



7 /IN 

p = w h = (1) 



For air at a temperature of 32 F. and at a barometric pressure of 
760 mm., w = 0.081. Letting g = 32.2 

p = 0.00126t> (2) 

If V denotes the velocity of the wind in miles per hour, v = 1.47, whence 
equation (2) becomes 

p = 0.0027F 2 (3) 

This equation will be expressed in the general form p = K V 2 , 
in which K is an empirical coefficient. It may be greater than 
0,0027, 
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Marburg continues: 



Its value is found to be somewhat affected by the velocity of the " 
and by the size and shape of the plate, but chiefly by the formation of a 
partial vacuum at the back of the plate which tends to increase greatly 
the resultant pressure in the direction of the wind. 

Ferrel, 17 who deduces the relation between pressure and veloc 
ity after the theory of Newton, concludes that "the effective pres 
sure of the wind must be greater than the theoretical pressure. 7 ' 
He clarifies a perplexing situation when he writes: 

What is usually called the force of the wind upon any given object, 
as a plate of a given area, is the difference of pressure on the two sides. 
On the one side the pressure is increased, not only by the momentum 
of the air, but likewise by the dragging effect through friction of the 
air which passes by, upon the cone or pyramid of comparatively sta 
tionary air in front of the plate or barrier. On the other side the 
effect, to the same amount, is to drag the air away and to diminish 
the pressure of the air. Hence the theoretical difference of pressure, 
or effective force of the wind, is increased by equal amounts by the 
effect of friction upon the pressure of both sides. Accordingly, the 
force of wind determined experimentally is found to be a little greater 
than the theoretical pressure given by the formula. 18 

Since Ferrel's day it has been determined by experiment that 
the total effective pressure on an exposed thin plate is made up of 
a positive pressure of two-thirds to three-fourths on the windward 
side and a negative pressure of one-third to one-fourth on the 
leeward side. The ratio, however, varies with the shape of the 
exposed surface. 

The Theory of Rankine. W. J. M. Rankine in his " Applied 
Mechanics" has a section devoted to "Mutual Impulse of Fluids 
and Solids." A jet of fluid A, striking a smooth surface, is 
deflected so as to glide along the surface in that path which makes 
the smallest angle with its original direction of motion. Let v be 
the velocity of the particle of fluid; q the volume discharged per 
second, equal to Av; d the density; and 6 the angle by which 

dqv 
the direction of motion is deflected. Then is the momentum 

g 

17 "Wind Pressure," by William Ferrel. Van Nostrand's Engineering 
Magazine, Vol. 27, p. 140, August, 1882. 

"A Popular Treatise on the Winds," p. 373, Second Edition, 1889, 
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of the quantity of fluid whose motion is deflected per second. 
With these notations the general equation for the force F x per 
pendicular to the plane in question is found to be 

F x = (1 cos 6). 
9 

For the particular case of the plane at right angles to the jet or 
6 = 90 

dqv dAv 2 

9 9 

This may be called the momentum theory and is given in a 
multitude of textbooks. Swain, in " Stresses, Graphical Statics 
and Masonry/' 19 will be quoted at length: 

If a jet of a perfect fluid is directed against a plane surface of indefinite 
surface extent at right angles to it, the" total pressure against that surface 
may be found from the principle that force multiplied by time equals 
change in momentum (mu) : in other words, the force acting upon a given 
mass m for a given time t changes the momentum mv of the mass by an 
amount equal to the force multiplied by the time it acts. If A is the 
area of the jet, v its velocity, and w the weight of a cubic unit of the 

Av 
fluid, the mass passing any given area in one second isw . This mass 

Q 

is deflected by the plane surface and ultimately, if the surface is large, 
moves parallel to the surface. Hence in each second a momentum 

w in a direction perpendicular to the surface is destroyed. The force 

9 

perpendicular to the surface, acting on this mass, is P; hence, P being in 
pounds and A in square feet, 

9 

The weight of a cubic foot of air, at the normal barometric pressure 
of 760 millimeters of mercury at a temperature of C., is 0.08071 pound, 
and g being 32.2 this reduces to 



or 



P = 0. 0025lfl 2 (v in feet per second) (18) 

P = 0.0054A?; 2 (t> in miles per hour) (18a) 

19 One of the books of Professor Swain's series on structural engineering. 
The structural engineer should by all means read the section relating to wind 
pressure, 
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This pressure P is of course not distributed uniformly over the plate. 
The case of wind blowing against a plane surface, however, is not the 
same as the jet. The body is larger than the plate. If the area of 
the jet A is taken as the area of the plate, the intensity of pressure, 
assumed distributed uniformly, if (18a) is taken to be correct, would 
be, if V is in miles per hour, 

p = - = 0.0054F 2 

A 

But this is not correct. There are two causes of error. In the first 

place, the mass does not have its velocity perpendicular to the plate 

9 

destroyed in a second. A good part of this mass is only partly deflected 
and passes around the edges of the plate instead of moving parallel to 
it. This reduces the value of P and p. In the second place, a partial 
vacuum is formed back of the plate, by the eddying air. This increases 
the value of P and p. To what extent these effects will counterbalance 
is unknown. 

A familiar example of air passing around an obstruction is seen 
in the effect of hoods placed on the tops of flues to prevent their 
smoking. The air is dragged away and the pressure diminished 
so that the air escapes from the flue more readily. 

It is noted that in the formula p = KV 2 in which p = pressure 
in pounds per square foot and V = velocity in miles per hour, the 
value of K according to the Newton theory is 0.0027 and with the 
same assumptions according to Rankine it is 0.0054. Recourse 
must therefore be had to experiment. A long line of investigators 
have sought to assign an empirical value to K. 

Smeaton's Formula. What is known as the Smeaton formula 
held almost universal sway for 150 years and is still in use. It 
is very simple, p = ^-L-F 2 , p being in pounds per square foot and 
V in miles per hour. In the Philosophical Transactions of the 
Royal Society, England, for the year 1759 is a lengthy paper 
entitled, "An Experimental Enquiry Concerning the Natural 
Power of Water and Wind to Turn Mills, and Other Machines, 
Depending on a Circular Motion, By Mr. J. Smeaton, F.R.S." 
Part III is "On the Construction and Effects of Windmill-Sails." 
For his experiments Smeaton constructed an elaborate machine 
or whirling-table in which fixed sails revolved through the air 
about a given axis and their velocities were measured by the 
weights lifted. A foot-note reads: 
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Some years ago Mr. Rouse, an ingenious gentleman of Hasborough 
in Leicestershire, set about trying experiments on the velocities of the 
wind, and force thereof upon plane surfaces and windmill sails. 

It is presumed, though not so stated, that Mr. Rouse used a 
whirling-table similar to that described by Smeaton. Further on 
in the paper a table "containing the velocity and force of wind, 
according to their common appellations/' is found introduced 
with: 

The following table which was communicated to me by my friend 
Mr. Rouse, and which appears to have been constructed with great care, 
from a considerable number of facts and experiments, and which having 
relation to the subject of this article; I here insert as he sent it to me; 
but at the same time must observe that the evidence for those numbers 
where the velocity of the wind exceeds 50 miles an hour do not seem to 
be of equal authority with those of 50 miles an hour and under. It is 
also to be observed that the numbers in column 3 are calculated accord 
ing to the velocity of the wind, which in moderate velocities, from what 
has been before observed, will hold very nearly. 

From this introduction it is impossible to tell where experiment 
ended and theory began. The table is reproduced here. It is 
hard to understand how a formula resting upon such a slender 
foundation should have had such a wide vogue. 

It is interesting to note that Weisbach in his monumental 
work, the "Mechanics of Engineering," multiplies by 1.86 the 
value of K as found by Newton's theory, stating that about two- 
thirds of the action of the wind is upon the front surface and 
about one-third upon the rear surface. He based his coefficient 
upon the experiments of Dubuat (about 1780) and Thibault 
(1826). 

Professor Marvin, now Chief of the U. S. Weather Bureau but 
at that time in charge of the Instrument Division, as the result 
of extended observations on Mount Washington concluded that 
the formula for computing wind pressure under a barometric 
pressure of 30 in. may be best expressed by 

p = 0.0047 2 

in which p is the intensity of pressure in pounds per square foot 
and V is the true velocity in miles per hour. Professor Marvin 
mentions that the wind movement at Mount Washington was not 
always horizontal but possessed a noticeable inclination upward. 
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The wind seldom blows in a strictly horizontal plane and would 
not therefore strike at a true right angle cups revolving about a 
vertical axis of any anemometer. It may be because of this vary 
ing inclination of the wind that discrepancies are found in obser 
vations, sometimes in those made by the same observer. 

TABLE VI 

SMEATON TABLE 



Velocity of the Wind 


Perpendicular 
Force on 1 Ft. 
Area in Pounds 
Avoirdupois 


Common Appellation of the 
Force of Winds 


Miles in 
One Hour 


Feet in 
One Second 


1 


1.47 


.005 


Hardly perceptible. 


2 
3 


2.93 
4.40 


.020 
.044 


? Just perceptible. 


4 
5 


5.87 
7.33 


.079 
.123 


> Gentle pleasant wind. 


10 
15 


14.67 
22.00 


.492 
1.107 


> Pleasant brisk gale. 


20 
25 


29.34 
36.67 


1.968 
3.075 


> Very brisk. 


30 
35 


44.01 
51.34 


4.429 
6.027 


> High winds. 


40 
45 


58.68 
66.01 


7.873 
9.963 


I Very high. 


50 


73.35 


12.300 


A storm or tempest. 


60 


88.02 


17.715 


A great storm. 


80 


117.36 


31.490 


An hurricane. 


100 


146.70 


49.300 


An hurricane that tears up 








trees, carries buildings be 








fore it, etc. 



Professor Marvin's recommendation for the value of K as well 
as his correction formula for V were adopted by the Weather 
Bureau and have been widely used. 

It is probable that the coefficient K = 0.004 is a trifle high. 
Stanton, 20 whose papers are entitled to great weight, gives as an 

' 



average from pressure boards K = 0.0032. $o**.j'l 

20 "On the Resistance of Plane Surfaces in a Uniform Current of Air." 
Proceedings of Institution of Civil Engineers of Great Britain, Vol. CLVI, 
1903, p. 78. " Experiments on Wind Pressure," Vol. CLXXI, 1907, p. 175. 
"Report on the Measurement of the Pressure of the Wind on Structures," 
Vol. CCXIX, 1925, p. 125. 
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Dines, 21 the inventor of the pressure tube anemometer bearing 
his name, thinks that for a flat surface the relation K = 0.003 is 
fairly correct. This is the value assigned on the meteorological 
forms of the Weather Bureau for pressure tube records. 

Professor F. E. Nipher of Washington University, St. Louis, 
found K = 0.0025 as the mean of over 2000 measurements on 
moving trains. 22 This method of determination applies only to 
compression on the windward side. 

The automobile has been called into service to determine the 
relation between pressure and velocity but the results are not 
convincing. (Incidentally, speeding is expensive. While pressure 
varies as the square of the velocity, the power absorbed varies as 
the cube of the speed.) 

Variation of Pressure with Temperature. Pressure for a given 
velocity varies inversely as the temperature. But little notice had 
been taken of this until Albert R. Wolff, who became an authority 
on heating and ventilation and who wrote "The Wind Mill as a 
Prime Mover," called attention to it in an article " A Dissertation 
m the Theory and Practice of Wind Mills 23 " (his graduating 
thesis). Mr. Wolff tabulates results for velocities from 1 to 80 
miles per hour varying by 5 degrees from F. to 100 F. Reduced 
to sea level for a wind velocity of 30 miles per hour he finds pres 
sures of 4.84 Ib. per sq. ft. for F. to 3.97 Ib. per sq. ft. for 100 F. 
For a velocity of 80 miles per hour he finds pressures ranging from 
34.98 Ib. per sq. ft. for F. to 28.96 Ib. per sq. ft. for 100 F. 
His tabulation is based upon the coefficient of the Smeaton 
formula, which is now considered too high. 

By the laws of physics a change in temperature by any given 
amount t, changes the original weight per unit volumes of air W\ 

Wi T =p t 

to the new weight, Wi w in the ratio ~~- = in which 

Wi w T 

T is the original absolute temperature. Thus, if the original 
temperature is that of melting ice, and it is increased or decreased 
respectively by 1 C., the weight per unit volume will be decreased 
or increased respectively by 1 part in 273. Ferrel states the law 

21 Encyclopoedia Britannica, Eleventh. Edition, 1910, Article "Ane 
mometer." 

22 Transactions American Society of Civil Engineers, Vol. XXXVII, 1897, 
p. 301. 

23 Engineering and Mining Journal, Vol. XXII, p. 202, Sept, 23, 1876. 
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for corrections in both temperature and barometric pressure (since 
both these factors affect the weight per unit volume) for air with 
an average amount of moisture by the equation 

Q.Q027 B 
' 



in which p is the intensity of pressure in pounds per square foot, 
t is the temperature in degrees Centigrade, B is the recorded 
barometric pressure at place of observation, BQ is the standard or 
normal barometric pressure (30 in.) and 7 is the velocity in miles 
per hour. As Ferrel himself says, an addition should be made to 
the equation for friction of the air. Increasing by i we have 

Q - 0032 



An ingenious table which can be used for variations of both 
temperature and barometric pressure for a coefficient K of any 
value is given in " Resistance de TAir" by G. Eiffel, Paris, 1910. 
The table is reproduced as printed in the book. 

TABLE VII 

FROM "RESISTANCE DE i/ AIR "EIFFEL 



Vatoui.de |. J 



1 760 273 + T 
:9 - 8088X I^ X -H X ^7F- 



Pression 


Temperatures 


Baro- 




m6trique 




















__5 





5 


10 


15 


20 


25 


30 


770 


7.350 


7.488 


7.625 


7.762 


7.899 


8.036 


8.174 


8.310 


760 


7.447 


7.586 


7.725 


7.864 


8.003 


8.142 


8.282 


8.420 


750 


7.546 


7.687 


7.828 


7.969 


8.110 


8.250 


8.392 


8.532 


740 


7.648 


7.791 


7.934 


8.077 


8.219 


8.362 


8.506 


8.647 


730 


7.753 


7.898 


8.043 


8.187 


8.332 


8.477 


8.622 


8.766 


720 


7.861 


8.008 


8.154 


8.301 


8.448 


8.594 


8.742 


8.888 


710 


7.971 


8.120 


8.269 


8.418 


8.567 


8.715 


8.865 


9.013 


700 


8.085 


8.236 


8.387 


8.538 


8.689 


8.840 


8.992 


9.141 
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To make use of this table some explanation may be needed. 
In the equation p = KV 2 it can be assumed that K = z-, in 

which z is a constant, d the density of the air and g the acceleration 
due to gravity. For a temperature of 15 C. and a barometric 
oressure of 760 mm., d corresponds closely to 1.225 kg. per cu. m. 

1 225 
and g to 9.8 m., 24 from which K (normal) = z^j^ or z = 8K. 

For the coefficient K (normal) = 0.004, z thus equals 0.032. Sup 
pose it is desired to find the value of K for a temperature (J) of 
30 C., and a barometric pressure (J5) of 700 mm. Eeferrmg to 

the table, - is given for these values of * and B as 9. 141. Let the 
K 

/y 

desired value of K be caUed K&. Then = 9.141, or 
X = 0035, which is to be used in place of 0.004 for t = 30 C. 
and B = 700 mm. Again, for 720 mm. (B) and 25 C. (0 the table 

gives L = 8.742. The coefficient K at normal will be assumed 
K 

0032. Then z = 8 = 0.0256 and - = 8-742, from which 

J\tS 

K tB = 0.00296, and this is to be used in place of 0.0032. 

The variations of the value of K due to changes in temperature 
and barometric pressure from standard assumptions are slight; 
occasionally 5 per cent, rarely, if ever, more. 

It may be interesting to note that at the present time the record 
of extreme range of temperature is held by the U. S. Weather 
Bureau station at Havre, Montana. The maximum temperature 
observed is 108 degrees and the minimum -57 degrees, the range 
being 165 degrees. As to barometric pressure, Boston may be 
taken as a representative Atlantic Coast station. The records 
show the highest reading to be 31.03 in. and the lowest 28.56 in. 25 

^ In the metric system 760 mm. 29.92 in., 9.8 m. = 32.16 ft., 1.225 kg. 
per cu. meter - 0.08 Ib. (nearly) per cu. ft. Degrees ^ Centigrade can be 
changed to degrees Fahrenheit or vice versa by the equation 

91 F ~ 32 

5 9 

* 5 U. S. Weather Bureau. Personal letter dated September 10, 1929, 
from P." C. Day, Meteorologist in Charge of Climatological Division. 
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The Influence of Humidity. The moisture in the air affects 
Its density but to such a minute degree that it may be entirely 
neglected in considering wind force. Humphreys, "Physics of the 
Air/ 7 gives the number of milligrams of liquid water per cubic 
meter of air as 1851.9 for excessive rain and 5401.4 for cloudburst. 
The weight of 1 cu. m. of air is 1,293,000 mg. By the addition 
of water from a cloudburst the density would thus be increased 
about -four-tenths of one per cent and the pressure accordingly. 
This is probably the maximum increase. 

There seems to be an impression that when the wind is heavily charged 
with moisture, as in severe storms, the pressure on a flat surface will be 
appreciably greater than when the wind is not so charged. Assuming 
that rain drops are 5 millimeters in diameter and that the drops fall 
with a velocity of 5 to 10 meters per second, even with a rainfall of 4 
inches per hour the increase in weight of 1 cubic foot of air due to the 
rain carried therewith would be less than one-quarter per cent, and the 
increase of pressure would accordingly be inappreciable. 26 

Wind Pressure on Large Areas. Wind pressure is less per unit 
of area on large surfaces than on small ones. The experiments " 
of Sir Benjamin Baker are usually quoted as authority for this 
statement. In connection with building the Forth Bridge two 
pressure boards were set up, one 20 ft. long by 15 ft. high, and 
8 ft. from it a circular plate of 1|. sq. ft. area. The maximum 
pressure registered on the small plate during the years 1884 to 
1890 was 41 Ib. per sq. ft. The large board showed at the same 
time a pressure of 27 Ib. per sq. ft. The readings for the large 
board never exceeded 80 per cent of those recorded for the small 
plate at the same time, and usually were from 50 to 70 per cent. 
On the other hand, Dr. Stanton 27 dissents from the generally 
accepted opinion. Among his experiments were some conducted 
on the high-level footways of the Tower Bridge in London. He 
expresses the opinion that gusts of wind may be experienced which 
are of practically uniform intensity over the entire surface and 
recommends the same intensity of wind pressure be used over a 

26 " Wind-Pressures and Stresses Caused by the Wind on Bridges," by 
Douglas Henry Remfry. Proceedings of Institution of Civil Engineers, Vol. 
CCXVI, Session 1922-1923, Part II, p. 3. 

27 "Report on the Measurement of the Pressure of Wind on Structures/' 
Proceedings of Institution of Civil Engineers, Vol. CCXIX, p. 125, December, 
1924. 
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large area as a small one. He admitted, however, in the discussion 
following his paper that it would be quite safe to assume a pressure 
over a large area near the ground as being 75 per cent of the 
pressure at a point. "The conclusions arrived at by Dr. Stanton, 
who is internationally known as an experienced and able investi 
gator, will introduce a note of caution in the framing of specifica 
tions for the design of exposed structures." 2S 

Wind Pressure on Parallel Plates. The shielding effect of a 
front plate on one in the rear is important because of its applica 
tion to plate girder bridges, the trusses in a truss bridge or parallel 
bars in the same truss when one bar is behind another. Stanton, 
in the experiments to which reference has been made found that 
for circular plates 2 in. in diameter at If diameters apart the total 
pressure was less than 75 per cent of the resistance on a single 
plate; at 2.15 diameters apart the total pressure was equal to 
that on a single plate, whereas at a distance of 5 diameters apart 
the total pressure was 1.78 times that on a single plate. Stanton's 
first experiments were questioned because they were conducted 
with such small models. For his second series he built a tower 
and used larger surfaces, but found little to .change his previous 
conclusions. 

Eiffel experimented with two parallel disks 30 cm. 29 (1 crn. = 
0.39 in.) diameter. Increasing the interval between them from 
to 90 cm., he found that with a constant pressure on the for 
ward disk the total resultant pressure decreased as the interval 
increased to 30 cm., but that then the total resultant pressure 
increased up to 90 cm., when it was nearly double that on the 
forward disk. He states that the resultants are the resultants of 
values which are themselves very small. 

An investigation of the stream lines shows that in the space between 
the disks a strong eddy exists, increasing in intensity with the interval. 
Near the axis the air moves toward the rear of the forward disk. It is 
only for intervals greater than 75 cm. that the air strikes the forward 
face of the rear disk. 

With parallel rectangular plates 40 cm. by 20 cm. he found 
the total resistance of the pair to be at a minimum for an interval 
of 40 cm. For parallel lattices 20.2 cm. X 40.3 cm, with a net area 

28 The Canadian Engineer, February 17, 1925. 

29 "The Resistance of the Air and Aviation," by G, Eiffel Translated by 
Hunsaker, 2d London edition, London, 1913. 
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of 442 cm. 2 and openings of 372 cm. 2 he found that the pressure 
on the sheltered lattice was at first very small but increased until 
the interval equaled the height of the lattice. At this the pressure 
is about one-third the pressure on the first lattice. From here 
it increased slowly. 

Baker's experiments at the Forth Bridge led him to the con 
clusion that in no case was the area affected by the wind in any 
girder which had two or more surfaces exposed, more than. 1.8 
times the area of the surface directly fronting the wind. 

Stanton found that for two girders connected by a roadway 
placed a distance apart equal to the depth of the girder the resultant 
pressure on the leeward girder was 15 per cent of that on the 
windward girder; if the distance apart was twice the depth of the 
girder the pressure on the leeward girder was 25 per cent of that 
on the windward girder. 

Wind Pressure on Inclined Surfaces. Of great importance 
is assigning a value to p in the equation p = KV 2 for wind blowing 
on roofs and other inclined surfaces. Proposition XXXIV, Book 
II, of the Prindpia of Newton states that if in a rare medium a 
globe and a cylinder described on equal diameters move with equal 
velocities in the direction of the cylinder the resistance of the 
globe will be but half as great as that of the cylinder. In the proof 
it is implied that the resistance of an inclined plane surface varies 
as the square of the sine of its inclination to the normal. Expressed 
in a formula it is 

p n = p sin 2 6 

in which p n is the intensity of pressure on the inclined surface, 
p is the intensity at right angles to the wind and 6 is the angle of 
inclination to the horizontal. It is assumed the wind is blowing 
in a horizontal plane. This formula is often given in textbooks. 
But it is not correct. If it were, aviation for small inclinations 
would be impossible. 

For more than a hundred years Button's formula had almost 
the exclusive field in England and the United States. It was 
quoted in all testbooks and handbooks and is still retained in some 
of them. With the same notation as before it may be expressed 



The experiments upon which it is based were decidedly cr\ide. 
Tract XXXVI of "Tracts on Mathematical and Philosophical 
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Subjects" by Charles Button, LL.D., F.R.S., Professor of Mathe 
matics in the Royal Military Academy of Woolwich, England, 
entitled, "Resistance of the Air Determined by the Whirling- 
Machine/ 5 records his experiments. In 1788 he experimented 
with thin rectangular plates of brass 8 X 4 in. fitted on arms 
53f in. long. Experiments were carried on at different inclinations 
of plate with a velocity of 12 ft. per second or 8.2 miles per hour, 
^Vhen attempting to bring the velocity up to 20 ft. per second or 
13.6 miles per hour, the thread carrying the weight broke. The 
experiments are recorded under dates of July 24, 25, 31 and 
August 11. The results were tabulated and the well-known for 
mula deduced. It is sometimes called Un win's formula though 
for what reason is not clear, as Professor Unwin simply quotes 
Professor Button's formula approvingly. 
The Duchemin formula 

2 sin 



for inclined surfaces represents the best knowledge on the subject 
and is considered the most reliable formula in use. It gives the 
following ratios: 
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Colonel Duchemin, a French army officer, made his investigations 
in 1829. The results were published in 1842. 30 

The Duchemin formula was verified in a remarkable manner 
by S. P. Langley in 1888. He had erected at the Allegheny (Pa.) 
Observatory a whirling-table consisting of two symmetrical wooden 
arms, each 30 ft. long, revolving in a plane 8 ft. above the ground. 
The motion thus obtained was nearly rectilinear, quite in contrast 
with that of Hutton's machine of less than 5-ft. radius. He also 

J0 " Memorial de PArtillerie," VoL 5, p. 275. The reference and ratios 
are taken from "La Resistance de PAir," by G. Eiffel, Paris, 1910. This 
book is a review of the work of leading experimenters to the date it was pub 
lished. It is clear, concise and easily read with but a slight knowledge of 
French, 
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used velocities up to 100 ft. per second, or nearly 70 miles per hour. 
He writes: 

At the inception of the experiments with this apparatus it was recog 
nized that the Newtonian law, which made the pressure on an inclined 
surface proportional to the square of the sine of the angle, was widely 
erroneous. Occasional experiments have been made since the time of 
Newton to ascertain the pressure upon a plane inclined at various angles 
to that upon a normal plane, but the published experiments exhibit 
extremely wide discordance, and a series of experiments upon this prob 
lem seemed therefore, to be necessary before taking up some newer lines 
of inquiry. 

Langley obtained results varying less than 3 per cent from those 
derived from the Duchemin formula. Regarding this he writes : 

Only since making these experiments my attention has been called 
to a close agreement of my curve with the formula of Duchemin, whose 
valuable memoir published by the French War Department, I regret 
not knowing earlier. 

Attention is called to the monographs by Langley, " Experi 
ments in Aerodynamics" and "The Internal Work of the Wind/ 7 
being numbers 801 and 884 of the "Smithsonian Contributions to 
Knowledge." Other formulas have been proposed but since that 
of Duchemin is so near in accord with our best experimental 
knowledge they need not be quoted. 

Attention is here called to "Wind Pressure in Engineering 
Construction" by W. H. Bixby, Captain of Engineers, U. S. Army. 
The monograph was compiled by Captain (later General) Bixby 
as Appendix "C" of the Report of September 29, 1894 of the 
Special Army Engineer Board as to the Maximum Span Practi 
cable for Suspension Bridges. It is said that only 500 copies were 
printed. The editor of Engineering News considered Appendix 
"C" so valuable that by special permission of the War Depart 
ment it was reprinted entire in their issue of March 14, 1895 (Vol. 
XXXVIII, p. 175). 

Wind Pressure on Cylindrical Surfaces. Rankine, in his 
"Applied Mechanics," states, without giving reasons: 

The total pressure of the wind against the side of a cylinder is about 
one-half of the total pressure against a diametral plane of that cylinder. 

Rankine's statement has been accepted without question by many 
writers but few of them mention that he regarded 56 Ib. per sq. ft. 
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as the pressure that should be assumed for wind normal to flat 
surfaces. Most engineers think this assumption excessive. 

A theoretical value of two-thirds the pressure against a diam 
etral plane Is sometimes given. It is arrived at by assuming 
the cylinder to be an infinite series of tangential planes, also by 
assuming that the intensity of wind pressure upon inclined planes 
varies as the square of the angle of incidence and then integrating 

7T 7T 

between the limits and + -. Both assumptions are erroneous. 

2i Z 

So far as the summed effect of wind pressure is concerned the 
cylinder is not an infinite series of tangential planes and it has 
long been shown (ante) that the theory of the square of the angle 
of incidence is false. The Duchemin formula integrated between 
the same limits gives a value of 0.91. 

Goodman in his "Mechanics Applied to Engineering/ 7 London, 
gives the following ratios of pressure: 

Flat plate 1.0 

Sphere 0.36 to 0.41 

Elongated projectile 0.5 

Cylinder 0.54 to 0.57 

Wedge (base to wind) 0.8 to 0.97 

Wedge (edge to wind, vertex angle 90) 0.6 to . 7 

Cone (base to wind) . 95 

Cone (apex to wind, vertex angle 90) . 69 to . 72 

Cone (apex to wind, vertex angle 60) . 54 

In Eiffel's "La Resistance de PAir" and in the German 
"Htitte" values of the ratio for cylindrical surfaces are quoted 
from 0.45 to 0.785. Many German engineers use two-thirds. 
American specifications variously use ratios of one-half, six-tenths 
and two-thirds. 

The writer in his own practice has long used six-tenths. 
Expressed in a formula, based on p = 0.004F 2 for flat plates, 

p = 0.0025F 2 

in which p is the intensity of pressure in pounds per square foot of 
projected area (diameter multiplied by height) and V is the 
velocity in miles per hour. This is for a smooth cylindrical surface ; 
for a stranded cable the value of p would be increased 10 to 15 
per cent. 



RELATION OF WIND PRESSURE TO VELOCITY 59 

As a conclusion to this chapter attention will be given to a 
monograph (dated April 3, 1926), "Wind Pressure on Structures" 
by Hugh L. Dryden and George C. Hill, being No. 523 Scientific 
Papers of the Bureau of Standards, Vol. 20, pp. 697-732. In 
Part I, a general discussion of the subject, the authors state that 
they see no hope of advance in knowledge unless wind loads are 
investigated rather than wind stresses. The wind normally con 
sists of a series of gusts and the maximum load due to gusts of 
various types must eventually be investigated by the meteorologist 
and the aerodynamical physicist. "We know now," they write, 
"that measurements on a flat plate do not give results applicable 
to the side of a building. There is no definite pressure corre 
sponding to a given wind speed applicable to all types of objects. 
Many of the old experiments must be discarded or supplemented 
because of this fact, their models being flat plates or disks." 

The effect of wind or motion of air on an obstacle to its progress 
is a modification of the normal atmospheric pressure acting on it, 
at some points an increase in pressure, at others a decrease. The 
maximum increase in pressure is called the velocity pressure. 
The velocity or impact pressure is independent of the shape of the 
body and is equal to %pV 2 where p is the density of the air and V 
the wind speed. It is indicated by a Pitot-static tube of standard 
design. Values of the velocity pressure for various wind speeds 
are given in Table VIII for an air density of 0.7651 Ib. per cu. ft. 
corresponding to a temperature of 15 C. and barometric pressure 
of 760 mm. 

In aerodynamics it is convenient to express all observed pressure 
differences as ratios of the pressure difference to the velocity pressure. 
Although the maximum increase in pressure at any point is equal to the 
velocity pressure, pressure decreases of greater amount frequently occur 
and average wind pressures resulting from the surface distribution over an 
object are frequently greater than the velocity pressure. The advantage 
of expressing results in this form is that the ratios or coefficients, as they 
are called, are independent of the units used so long as the units are self- 
consistent. 

The coefficient to be used depends on the form of the object. 
The following tabulation indicates the general range of values 
and the authors' recommendations for certain types of structures. 
In all cases the area involved is the area projected on a plane 
normal to the wind, 
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TABLE VIII 

VELOCITY PRESSURE V, TRUE AND INDICATED WIND SPEED 
(Dryden and Hill) 



Speed Indicated by U. S. 
Weather Bureau 4-Cup 
Robinson Anemometer 
Miles per Hour 


True Wind 
Speed. 
Miles per 
Hour 


Velocity 
Pressure. 
Pounds per 
Square Foot 


10 


9.5 


0.23 


20 


17.8 


0.81 


30 


25.7 


1.69 


40 


33.3 


2.84 


50 


40.7 


4.23 


60 


48.0 


5.89 


70 


55.2 


7.80 


80 


62.2 


9.90 


90 


69.2 


12.25 


100 


76.1 


14.8 


110 


82.9 


17.6 


120 


89.7 


20.6 


130 


96.4 


23.8 


140 


103.1 


27.2 


150 


109.7 


30.8 



Log true speed = 0,9012 (log indicated speed) -f 0.079. 
Velocity pressure in pounds per square foot = 0.001189 (V X f-f) 2 , where 
V is the true speed in miles per hour. 



TABLE IX 

COEFFICIENTS (Dryden and Hill) 



Model Investigated 


Coefficient 


Application 


Rectangular flat plate of infinite length, 


2.0 , 


Radio towers, bridge 


normal to the wind 




girders 


Rectangular prism, 1:1:5, 1:5 face 


1.6 


Tall buildings 


normal to the wind 






Cylinder, 1 by 5, axis normal to the wind 


0.8 


Chimneys, standpipes 


Short cylinder, 1 by 1, axis normal to the 


0.7 


Water tanks 


wind 






Square flat plate, normal to the wind 


1.1 


Square signboard 
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Part II of the paper, comprising by far the greater part, 
describes experiments on the model of a tall building. A prism 
24| in. high with base 8 in. square was used as a model with 
speeds up to 70 miles per hour in the 10-ft. wind tunnel of the 
Bureau of Standards. The chief conclusions of interest to struc 
tural engineers as stated by the authors are : 

1. The greatest average pressure against the building occurs wnen 
the wind blows normal to a face and is equal to 1.5 times the velocity 
pressure; that is, 22 Ib. per sq. ft. for a true speed of 76 miles per hour 
(100 miles per hour indicated by a Weather Bureau Robinson type 
anemometer). 

2. The average decrease in pressure over the roof is about 0.84 times 
the velocity pressure; that is, 12.4 Ib. per sq. ft. for a true speed of 76 
miles per hour. 

3. The maximum moment about a vertical axis is equivalent to a 
horizontal displacement of the resultant forces of 0.077 times the width 
of the building. 

Caution should be exercised in drawing conclusions from experi 
ments on models and in the laboratory. The average wind pres 
sure on a full-scale structure may not be the same as on a small 
model even with the same intensity of wind. Dryden and Hill 
state that, although the coefficients given in their table are very 
nearly independent of wind speed or of the scale of the model, in 
general the coefficient depends in some degree on the Reynolds 
number. Such variations of the coefficient with the Reynolds 
number are ordinarily spoken of as "scale effects. " 

The term "scale effect" is often a blessed phrase to cover any discrep 
ancies between model and full-size performance, when the true explana 
tion lies in instrumental errors, incorrect observation, or faulty methods 
of testing. Nevertheless, scale effect is a reality wrapped in much 
mystery, which still remains to be unveiled. 31 

To understand the nature of the problem of scale effect it is 
necessary to begin with the fundamentals of motion in viscous 
fluids. Professor Osborne Reynolds in a paper, "An Experimental 
Investigation of the Circumstances which determine whether the 
Motion of Water shall be Direct or Sinuous, and of the Law of 
Resistance in Parallel Channels," 32 states by way of introduction 

31 "Airship Design," by Charles P. Burgess, 1927. 

32 "Philosophical Transactions of the Royal Society of London." For the 
year MDCCCLXXXIIL Vol. 174, Part III, p. 935, 
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that the results of his investigation have both a practical and a 
philosophical aspect. The practical aspect relates to the law of 
resistance to the motion of water in pipes. The philosophical 
aspect relates to the fundamental principles of fluid motion. So 
far as the case of pipes is concerned they afford "a definite veri 
fication of two principles, which are that the general character 
of the motion of fluids in contact with solid surfaces depends OB 
the relation between a physical constant of the fluid and the 
product of the linear dimensions of the space occupied by the 
fluid and the velocity." 

The Reynolds Number as found in books on Aircraft is the 

VI 
name given to the fraction, p , in which p is the density of the 

fluid, V is the relative velocity of the fluid, I is the linear dimension 
of the body, and v is the coefficient of viscosity of the fluid. 

This law is also found to hold for only slightly viscous fluids, such as 
gases, when the velocity is very low; but at high speeds, the tangential 
force varies nearly as the square of the speed, BURGESS. 

Although the subject should not be neglected in aviation it is 
largely academic so far as the structural engineer is concerned. 
It is given a place in this chapter because of its mention in the 
monograph quoted. 



CHAPTER V 
WIND STRESSES IN STEEL MILL BUILDINGS 

Under the classification of mill buildings may be included manu 
facturing plants, machine shops, power houses, rolling mills, 
foundries, forge shops, pattern and templet shops, train sheds, 
pier sheds, car barns, roundhouses, electric light stations, armories 
and buildings of a similar nature. 

The choice of wind loading and the .calculation of stresses 
therefrom, especially in buildings that are mainly shelters, are 
matters of importance. If the design is competitive, and those of 
mill buildings often are, the designer knows that by adhering 
strictly to loadings and methods of calculation given in many 
textbooks his work is liable to be useless. The structure will 
probably be built in accordance with a cheaper design. On the 
other hand if at all conscientious, and most engineers are con 
scientious, he will not sponsor a poor design because it is cheap. 
As no standard practice is followed in designing wind bracing he is 
often confronted with a real difficulty as to the method of pro 
cedure he should adopt. 

The first question to be settled is the wind loading to be 
assumed. Wind pressure depends upon velocity. What value 
shall be assigned to K in the formula P = KV 2 ? Shall the average 
velocity over short-time intervals or the maximum speed ever 
observed be used? What velocity shall be assumed where meteor 
ological records are scanty or are lacking altogether? Recorded 
velocities are average velocities for periods of five minutes. What 
consideration shall be given to gusts of a minute or less of greater 
velocity? Shall any reduction of pressure be made for large areas 
of surface? 

To such questions no dogmatic answer can be given. Regard 
ing the velocity to be assumed as the greatest probable velocity 
one must consider (1) the highest velocity that has been recorded 
in the locality (or in similar regions) under consideration and 
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(2) the degree of safety consistent with cost of construction, pro 
tection to life and value of security against losses that will occur 
if the building becomes damaged or destroyed. As recorded 
velocities are average velocities for periods of five minutes, con 
sideration must be given to sudden gusts of a few seconds dura 
tion. As the velocities are recorded by an instrument covering a 
very small area due consideration must be given to the probable 
extent of the areas covered by these sudden gusts. Ketchum, in 
his " Steel Mill Buildings/ 7 gives the pressure on the surface of a 
rectangular building as 80 per cent of that on a flat plate normal 
to the wind. 

It is believed that for the relatively large areas of buildings the 
average five-minute-period velocities are sufficient to cover gusts. 
As the maximum velocity for most regions occurs at intervals of 
many years and as the probability that the direction of the wind 
will be such as to produce its greatest effect is rather small, V may 
be reduced according to the degree of safety required. 

The Effect of Suction. J. 0. V. Irminger, the manager of the 
Copenhagen Gas Words, contributed to the Danish paper Ingenoren 
of April and May, 1894, an article, "Wind Pressure on Buildings 
and Other Structures/ 7 giving the results of a series of experiments 
he had conducted. A rectangular opening 6| X 11 in. was made 
in a chimney 5 ft. in diameter and 100 ft. high. Into this opening 
was inserted a conduit 4| X 9 in. polished on the inside to reduce 
friction. Currents of air were made to strike plates and models 
placed in this conduit, and the resultant pressures were registered. 
He found that a pressure on the windward side decreased to zero 
near the ridge, and a strong suction at the same time existed over 
the leeward side. At certain angles the uplift on the leeward side 
was three times as great as the normal pressure on the windward 
side. It is interesting to note that thirty years later Irminger 
in alluding to these experiments writes, "The correctness of the 
results obtained has since been proved by others. 77 1 The experi 
ments of Irminger attracted wide attention. One enthusiastic 
admirer wrote, "It will be due to him that we surely in the future 
shall save tons of material in our roofs. 77 2 In 1891-94 Professor 

1 "The Formation of Waves/' by J. 0. V. Irminger. Engineering, Vol. 
CXIX, p. 31, January 9, 1925. 

2 "Effect of Wind on Roofs/' by Theodor Nielsen. Engineering, Vol. 
LXXVI, p. 508, October 9, 1903. 
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Kernot of the University of Melbourne made the experiments 
connected with his name. 3 In 1893 and later Stanton made the 
experiments which have become widely known from the papers 
he contributed to the Institution of Civil Engineers. 4 

Professor Alfred Smith in a paper, "Wind Loads on Mill 
Building Bents/' 5 read before the Western Society of Engineers 
advocates "placing the wind loads equally on the two walls, and 
inward and outward on the windward and leeward roofs respec 
tively, as giving important changes of stress in members of the 
roof truss, as giving less stress in the kneebraces and columns, and 
as permitting the rational design of the girts." He emphasizes 
this idea in an article "Wind Pressure on Buildings, " 6 written 
after he had made a number of observations on a model building 
6 ft. wide by 15 ft. long with wall heights of 4, 5 and 6 ft. He still 
further elucidates his views in a paper "Wind Loads on Build 
ings." 7 In this report of his latest tests he makes definite recom 
mendations in regard to wind loads. "Wind stresses in mill 
buildings," he writes, "are of only moderate importance, however, 
and the greatest value of these tests seem to lie in their sugges- 
tiveness in regard to drill halls and train sheds." Wind 
stresses in mill buildings are often of far more than minor 
importance. 

A British textbook, Brightmore's "Structural Engineering," 
first issued in 1908, quotes the Stanton experiments as authority 
and stress diagrams for the roof truss are made with the wind 
forces so acting. The heading of the section is significant: 
"Stresses Due to Wind Pressure and Wind Suction." 

Another British textbook, the well-known "The Theory and 
Design of Structures," of Andrews, in the appendix to the edition 
of 1913 calls attention to Stanton's conclusions and gives a stress 
diagram for a truss with the wind loading in accordance with 
these conclusions. In mentioning the stresses due to suction on 
the leeward side the author writes: "Few designers appear to have 
allowed for this in their calculations for roofs, but the question 

3 Australian Association for the Advancement of Science, Vol. V (1893), 
p. 573; Vol. VI (1895), p. 741. 

4 Proceedings, Vol. CLVI, p. 78; Vol. CLXXI, p. 175. 

6 Journal Western Society of Engineers. Vol. 16, p. 143, February, 1911. 

6 Journal Western Society of Engineers. Vol. 17, p. 987, December, 1912. 

7 Journal Western Society of Engineers. Vol. 19, p. 369, April, 1914, 
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is of considerable importance and the results of these experiments 
should either be disproved, or allowance should be made for them 
in design." 

In view of the strong presentation of the case of suction made 
twenty and thirty years ago it might be expected that it would 
find a prominent place in the leading American textbooks of 
today. But such is not the case. 

Swain, "Stresses, Graphical Statics and Masonry/' 1927, says 
"Suction on the leeward side, and lifting effect, should not be lost 
sight of. Roofs and other structures should be anchored to their 
supports if they are likely to be subjected to heavy winds." 

Ketchum, "Steel Mill Buildings," fourth edition, 1921, says 
" It is the uniform practice to omit the effect of suction in designing 
closed buildings. 73 

Hool and Kinne, "Steel and Timber Structures/' say that 
"while this suction undoubtedly exists, as shown by the bursting 
effect of tornadoes, it is difficult to formulate a set of practical 
conditions to be used as a basis for designing." 

Spofford, "The Theory of Structures/ 7 third edition, 1928, in 
calling attention to the decrease of pressure upon the leeward 
surface and the lifting power of the wind says that "it is doubtful 
if an algebraical formula can be deduced which will give the pres 
sure of surface of varying shape with any considerable degree of 
precision. 77 The lifting action of the wind "should be guarded 
against by anchoring roofs securely to the walls. 77 

The writer follows the conventional methods throughout this 
book and gives no diagrams for stresses due to suction. Taking 
into account the total load stresses the saving is small although in 
the columns, kneebraces, girts and purlins it is more than in the 
trusses. A serious objection to taking advantage of even this 
saving is that with a monitor along the ridge, or openings in the 
building and roof, the closed roof may become a partly open roof, 
thus changing the conditions for which the assumptions were made. 
For a truss resting on brick walls the tendency to an uplift can 
be met by firmly anchoring it at the ends. Purlins should be 
securely bolted to the trusses. The tendency to reversals of stress 
can be sufficiently met by using stiff shapes for all members; 
flats and rounds have no place in an ordinary roof truss. With 
open sheds the case is different. The wind acts on a cup-shaped 
surface and provision should be made for its uplifting effect. In 
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an open cantilever shed extending from a wall the upward wind 
pressure may be as great as the downward pressure. 

Wind Pressure to "be Assumed. In deciding upon wind pres 
sure to be used in designing mill buildings it may be observed that 
the same degree of insurance is not usually required as for high 
office buildings. If loss occurs it will not be as disastrous to life 
or property. Moreover, mill buildings are subjected only to 
surface winds. To assume a value of p, or pressure in pounds 
per square foot in the formula p = KV 2 , it is necessary to decide 
upon values for K and V. The writer has long followed K = 0.004, 
in accordance with II. S. Weather Bureau practice from 1890 or 
thereabouts. The latest experiments, however, point to a lower 
value and the Weather Bureau is at present using in much of 
its work a coefficient of 0.003. 8 From Table VIII in the last 
chapter it is seen that an indicated velocity of 90 miles per hour, 
the average standard of hurricane velocities, corresponds to a 
true velocity of 69.1 miles. With K = 0.004, p = 0.004 X 69.1 2 
= 19.1. With K = 0.003, p = 0.003 X 69.1 2 = 14.3. But if a 
mill building is designed for a wind velocity of 90 miles per hour 
using a maximum working stress of 24,000 Ib. per sq. in. it will 
not collapse until a greater velocity than 90 miles is reached. 
With a working stress equal to an elastic limit of 36,000 Ib. per 

36 000 

sq. in. the allowable wind pressure will be increased to or I- 

M /v. - 24,000 

of its value at 24,000 Ib. per sq. in. Consequently the allowable 

velocity will be increased to 7= of the velocity at 24,000 Ib. per 

"V 2 

sq. in. A true velocity of 69.1 miles per hour will be thus increased 

to 69.1 X 7= 84.6 miles, equivalent to an indicated velocity 
V2 

of 110 miles. For K = 0.004, p = 0.004 X 84.6 2 = 28.6 miles; 
and for K = 0.003, p = 0.003 X 84.6 2 = 21.5 miles. If the bot 
tom chord bracing is continuous and carried to the ends, 25 per 

8 Much confusion exists regarding published velocities. The recorded 
velocities prior to January 1, 1928, are those indicated by a four-cup Robinson 
Anemometer. As mentioned in Chapter IV, three-cup anemometers were 
installed January 1, 1928, in all first-order stations in continental United 
States. The indicated velocities by these anemometers run so close to the 
true velocity that they are published without correction. But for the great 
mass of published velocities corrections must be made. 
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cent (Ketchum says 50 per cent) of p may be taken by the bottom 
chord bracing and 75 per cent by the transverse bent under con 
sideration. (This is for columns and knee braces. The vertical 
truss stresses must be sufficient for the entire velocity.) 

The average intensity of pressure on the sides of a rectangular 
building is usually considered to be about 80 per cent of that 
determined from the small area of the anemometer cup. This 
advantage the writer thinks sufficient to take care of gusts which 
may occur during the interval for which the average velocity is 
recorded, usually five minutes. 

From the foregoing the writer recommends as a general speci 
fication : 

All steel frames belonging to the mill building class shall be 
designed for a wind pressure of 15 Ib. per sq. ft. of exposed surface 
of sides and ends and a normal pressure on the roof as determined 
by the Duchemin formula corresponding to a horizontal pressure 
of 20 Ib. per sq. ft. 

These recommendations are made on the basis of a velocity 
not exceeding 90 miles per hour as indicated by the four-cup 
Robinson Anemometer equivalent to a true velocity of 69.1 miles. 
Buildings should be proportioned for wind coming from any direc 
tion including motion upward and downward. For a downward 
direction the normal pressure on a roof may be greater than that 
obtained by the Duchemin formula from the pressure on the side. 
For this reason the pressure P on the sides is increased 5 Ib. in 
determining the normal pressure on the roof. That is, in the 
Duchemin formula 9 

P =P 2sing 

* n H i * o /\* 



The P in the second term of the equation is assumed 5 Ib. more 
than on the sides or 20 Ib. instead of 15 Ib. 

It is believed that mill buildings with brick or concrete walls 
between columns will have sufficient rigidity to prevent undue 
deflection. If they are several stories high, as some factory build 
ings are, wind pressure should be assumed in accordance with 
Chapter VI. Sheet metal siding adds little to the rigidity of a 
building. Such buildings are usually not very high and it is 

9 To be consistent with previous notation P should be p but the formula is 
usually found in tables as just given. 
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seldom necessary to consider the matter of deflection. If, how 
ever, it must be taken into account, the assumed intensity of wind 
pressure should be increased. The writer, when permitted to do 
so, gladly uses 18 or 20 Ib. wind pressure on the sides of buildings 
where sheet metal is used for siding. Ample provision for wind 
adds but a small percentage to the total cost of a building, yet 
structural engineers often find that such an addition is regarded 
by purchasers as unnecessary insurance for which they are unwill 
ing to pay the cost. 

The wind loads specified are the minimum loads intended to be 
used. Attention should be given to locality. Winds are greater 
on hilltops than in valleys although they sometimes blow up 
valleys and cuts with increased velocity. Surrounding buildings 
may give shelter but they often promote gustiness. Woodlands 
have a marked effect in slowing down winds. It should be remem 
bered that surrounding buildings may be removed and the trees 
of a wood may be cut down. 

"Any point along the Gulf coast or in Florida may lie in the 
path of a severe hurricane." 10 Provision must therefore be made 
for mill buildings in these regions to withstand greater velocities. 
Anemometers thus far in hurricane regions have broken down at 
velocities of 125 miles an hour, more or less, often less. An 
indicated velocity of 132 miles per hour is equivalent to a true 
velocity of 100 miles. For K = 0.003, p is equal to 0.003 X 100 2 
= 30. If one-fourth of the, wind stress is carried by the bottom 
chord bracing there is left to be taken by the transverse bent 
22.5 Ib. It is recommended that buildings along the Gulf coast 
should be designed to resist a wind pressure of not less than 25 Ib. 
per sq. ft. on exposed surface of sides and ends and the correspond 
ing normal pressure on the roof. The Florida hurricane of 1926 
was the most severe ever recorded in the state. It will probably 
not be equaled in a generation. If a mill building is to be designed 
to resist such a hurricane not less than 30 Ib. pressure should be 
used. 

In Porto Rico, where velocities are phenomenal, it is recom 
mended that mill buildings shall be designed to resist a wind 
pressure of not less than 30 Ib. per sq. ft. The Porto Rico hurricane 
of 1928 was the worst on record that ever devastated the island. 

10 "Windstorms," a monograph issued by the Associated Factory Mutual 
Fire Insurance Companies of Boston. 
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TABLE X 
PRESSURE ON INCLINED SURFACES DUCHEMIN'S FORMULA 

P = Intensity of pressure on a plane normal to the direction of wind; 

P n = Intensity of normal pressure on a plane inclined at angle Q to the 
horizontal; 

P v = Vertical component of normal pressure; 
P/i Horizontal component of normal pressure. 
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If it were required to design to resist velocities that were then 
reached not less than 40 Ib. should be used. The frequency of 
severe hurricanes as well as their force should be considered. 
Although the engineer would be glad to use 30 or 35 Ib. for all 
mill buildings in Florida and 40 Ib. in Porto Rico the purchaser 
win usually object to paying the cost. 

The Duchemin formula has been amply verified and has come 
into general use. Table X is an enlargement of one found in 
ArroFs "Bridge and Structural Engineers 7 Handbook." It is given 
for reference. 

Wall-Bearing Roof Trusses. For roof trusses supported on 
walls a separate stress diagram for wind loading need not be drawn 
for one truss in a hundred. A load of 30 Ib. per sq. ft. over the 
entire roof surface and acting vertically is ample for providing 
resistance to any combination of wind and snow loading except in 
regions where wind or snow is excessive. In regions of no snow 
20 Ib. may be used. In localities subject to exceptionally high 
winds or unusual depths of snow these loads should be increased, 
say, 5 or 10 Ib. per sq. ft. It may be noted that the loads of 
30 Ib. or 20 Ib. are considered sufficient to allow for the impact 
due to any ordinary gust of wind and also for wind blowing at 
any angle on the roof. 

To wind and snow loads should be added the weight of roof 
trusses, purlins, bracing and covering. Sheet metal roofs weigh 
about 10 Ib. per sq. ft. of surface, thus making the minimum 
loadings for which roof trusses should be designed 40 Ib. or 30 Ib. 
per sq. ft., distributed uniformly over the entire surface of the roof 
and acting vertically. In the stress of competition, especially in work 
for the export field, the foregoing loads are sometimes assumed per 
square foot of projected area instead of over the actual roof surface. 

By the method of equivalent uniform loading a single stress 
diagram will answer for any probable combination of dead, snow 
and wind loads. The engineer should once for all verify for hiip- 
self the correctness of this statement. He can do so by assuming 
a unit space, a unit bay, an ordinary type of truss and make 
separate stress diagrams for: 

(a) A uniform dead load of 10 Ib. on entire surface of roof. 
(&) A uniform snow load of 25 Ib. on projected area (equal 
to 22.4 Ib. per sq. ft. of surface on a 6-in. slope roof), 
(c) The same snow load on one side of the roof only. 
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A wind load equivalent to 20 Ib. per sq. ft. for wind blowing 
horizontally on a vertical surface reduced by Duchemin's formula 
to the normal pressure on roof surface for cases (d), (e), (/), (g) 
and (h) as follows: 

(d) Both ends of truss considered fixed, wind on either side. 

(e) One end of truss considered fixed, the other end on 

rollers or free to move. Rollers on leeward side. 

(/) Same as (e), except rollers on windward side. 

(g) One end of truss fixed, the other free to slide on a steel 
plate. In this case the reaction at the partially free 
end is inclined at an angle of about 18 degrees from 
the vertical away from the end, this being the angle 
of friction of steel upon steel. Steel plate on leeward 
side. 

(h) Same as (g} except plate on windward side. 

(i) A uniform load of 40 Ib. per sq. ft. on entire surface of 
roof. Stresses are four times those of (a). 

0")j (&)> (0 From (i) stresses due to 30 Ib. per sq. ft. of 
roof surface, 40 Ib. per sq. ft. of projected area and 
30 Ib. per sq. ft. of projected area can be found by 
proportion. 

All probable combinations of dead, snow and wind loads should 
be considered. Although the maximum snow and the maximum 
wind will not occur on the same half of the truss at the same time, 
a light snow covered with a crust or a coat of sleet may be over 
the entire roof surface during a heavy wind. When the slope 
of roof is less than 30 degrees a weight of half the snow load should 
be assumed for such loading. 

It is seldom necessary to use rollers for spans under 100 ft. 
but it is possible that all wind shear, or nearly all, may come upon 
one wall due to unequal bedding of anchor bolts or to temperature 
movements. The conditions then are the same as one end on 
rollers: (e) and (f) preceding, or perhaps more nearly as (g) and (h). 

Perhaps it is needless for the engineer to verify the assumption 
of equivalent uniform load to the extent suggested, but each 
particular case mentioned is found in some textbook as worthy of 
consideration. 

A colleague of the writer, George E. Howe, has made an 
interesting study of the stresses due to the different loadings that 
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may come upon ordinary roof trusses. For a 6-in. slope roof of 
unit panel lengths he assumes a dead load of 10 Ib. per sq. ft. 
of roof surface, a snow load of 25 Ib. per sq. ft. ground area (equiv 
alent to 22.4 Ib. roof surface) and a wind load of 20 Ib. reduced by 
Duchemin's formula. The equivalent uniform loading is found 
for each case considered as shown in Table XI. The combinations 
of dead, wind and one-half snow are divided by 1.25 because 
codes and specifications allow 25 per cent (or more) increase in 
unit stresses for loads that include the wind. In no member is 
the load greater than that of the combined dead and snow loads. 

Again, if the vertical components of the reactions from the wind 
load remain constant the only stresses affected by a change in the 
horizontal component are the stresses in the bottom chord, pro 
vided the bottom chord is horizontal. 

Mill Building Bents with Kneebraces. The dead and snow 
load stresses in the truss of a transverse mill bent such as shown hi 
Figs. 11, 12 and 13 are the same as if the truss were supported on 
brick walls. The columns carry the vertical reactions and the 
kneebraces are assumed to take no dead or live load stress. The 
stresses due to wind loading are statically indeterminate. The 
structure is a two-hinged arch or a fixed arch according to whether 
the columns are free to turn at the base or are fixed. Owing to the 
impracticability in ordinary design of calculating stresses in 
statically indeterminate structures by exact methods it is neces 
sary to make certain assumptions and use approximate methods. 
If the points of contrafiexure are located and the horizontal reac 
tions are known a wind stress diagram can be drawn. 

For a bent as in Fig. 11 with bottom ends of columns fixed and 
top ends simply supported, the points of contrafiexure are located 

by the equation, y = -(- ). For g = f d, y = 40; f r 
2\2g + a/ 

g = f dj y = J#. But the bottom ends are never perfectly fixed 
which tends to lower the points of contraflexure. (The writer 
some years ago saw a transmission tower tested to destruction. 
The base of each leg was firmly bolted to two 24-in. I beams. The 
results of the test plainly showed that even with this rigid fastening 
the ends were not fixed.) At the same time the top ends are not 
simply supported or free to turn but are riveted to the truss, which 
tends to raise the points of contraflexure. As a compromise some 
engineers assume the points of contraflexure to be midway between 
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TABLE XI 
DEAD, SNOW AND WIND STRESSES IN TYPICAL TRUSS 
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Stress 


Wind Load on 
Left Half 


Full Snow Load 
on Right Half 


Combinations 





Unit 








ber, 


Panel 




















Load 


Actual 

Stress 


B + A 


Actual 

Stress 


D + A 


F+C+E 


J + l.25 


F+C+N 


L-M.25 




A 


B 


C 


D 


E 


J 


K 


L 


M 


1 


12.30 


109 


8.9 


75 


6.1 


25.0 


20.0 


30.1 


24.1 


1' 


12.30 


56 


4.6 


200 


16.3 


30.9 


24.7 


25.8 


20.6 


2 


11.25 


100 


8.9 


75 


6.7 


25.6 


20.5 


30.1 


24.1 


2' 


11.25 


56 


5.0 


177 


15.7 


30.7 


24.6 


26.2 


20.9 


3 


11.40 


109 


9.6 


75 


6.6 


26.2 


21.0 


30.8 


24.7 


3' 


11.40 


56 


4.9 


180 


15.8 


30.7 


24.6 


26.1 


20.9 


4 


10.96 


109 


10.0 


75 


6.8 


26.8 


21.4 


31.2 


25.0 


4' 


10.96 


56 


5.1 


170 


15.5 


30.6 


24.5 


26.3 


21.0 


5 


9.91 


100 


10.1 


75 


7.6 


27.7 


22.2 


31.3 


25.0 


5' 


9.91 


56 


5.7 


147 


14.8 


30.5 


24.4 


26.9 


23.9 


6 


10.06 


109 


10.8 


75 


7.5 


28.3 


22.6 


32.0 


25,6 


6' 


10.06 


56 


5.6 


150 


14.9 


30.5 


24.4 


26.8 


21.4 


7 


11.00 


134 


12.2 


67 


6.1 


28.3 


22.6 


33.4 


26.7 


7' 


11.00 


51 


4.6 


178 


16.2 


30.8 


24.6 


25.8 


20.7 


8 


9.00 


102 


11.3 


67 


7.3 


28.6 


22.9 


32.5 


26.0 


8' 


9.00 


51 


5.7 


134 


14.9 


30.6 


24.5 


26.9 


21.5 


9 


6.00 


51 


8.5 


67 


11.1 


29.6 


23.7 


29.7 


23.8 


9' 


6.00 


51 


8.5 


67 


11.1 


29.6 


23.7 


29.7 


23.8 


10 


1.08 


18 


16.5 








26.5 


21,2 


37.7 


30.2 


10' 


1.08 








24 


22.4 


32.4 


25.9 








11 


2.00 


33 


16.5 








26.5 


21.2 


37.7 


30.2 


n' 


2.00 








44 


22.4 


32.4 


25.9 








12 


2.68 


44 


16.5 








26.5 


21.2 


37.7 


30.2 


12' 


2.68 








60 


22.4 


32.4 


25.9 








13 


3.00 


50 


16.5 








26.5 


21.2 


37.7 


30.2 


13' 


3.00 








67 


22.4 


32.4 


25.9 








14 


5.00 


83 


16.5 








26.5 


21.2 


37.7 


32.2 


14' 


5.00 








112 


22.4 


32.4 


25.9 









C, E, J, K, L, M are equivalent uniform loads in pounds per square foot of roof surface. 

F = Dead load at 10 Ibs. per square foot roof surface. 

G = Full snow load at 22.4 Ibs. per square foot roof surface, 

H = Part snow load at 11.2 Ibs. per square foot roof surface, 

F -f. Q = 32.4 = I = maximum load. 
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the base ana the kneebraee or y = \g in Fig. 11. The writer 
believes that with set anchor bolts y = %g is more nearly correct 
and uses this assumption in his work, due consideration being 
given to the design of base and anchorage. Here caution is 
necessary. Anchor bolts may be poorly set, swedge bolts may be 
used or the footings may be so light that they do little toward 
fixing the columns. Such cases, according to textbooks, come 
under Columns Free to Turn at Base and Top a safe but rather 
severe classification. Again, in tall buildings with slender col 
umns the distance y = \g will probably be too great. The writer 




FIG. 11. Typical Mill Building Bent. 

would in no case consider y to exceed 7 or 8 ft.; 5 or 6 ft. would be 
better. 

The Horizontal reactions are assumed each equal to one-half 
the horizontal components of the wind loads above the point of 
contraflexure. It is only the wind loads above the point of 
contraflexure that produce stresses in the bent; the wind load 
below this point is carried by shear directly to the base of the 
column. Professor Ellis, in his "Theory of Framed Structures," 
1922, assumes from an analysis made in accordance with the 
elastic theory of structures that the horizontal reactions at the 
points of contraflexure of the windward and leeward columns are 
five-eighths and three-eighths of the sum of the horizontal com 
ponents of the wind loads above. However, as he states, his 
analyses were too limited in range to draw general conclusions. 
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In this chapter the usual assumption of equal horizontal reactions 
will be followed. 

A wind stress diagram can now be drawn. See Ketchum, 
"Steel MiU Buildings/ 7 fourth edition, 1921, p. 567 et seq. Figure 
12 shows the stresses in a bent of dimensions noted for a wind 
pressure of 20 Ib. per sq. ft. on sides and 20 Ib. reduced for roof. 
The figures in parentheses are due to an assumed uniform dead 
load of 10 Ib. per sq. ft. of roof surface this being the minimum 
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FIG. 12. Wind and Dead Load Stresses for 60-ft. Bent. 



weight of a roof with sheet metal covering. The case of a wind 
load of 20 Ib. with but a dead load of 10 Ib. to resist it is more 
severe than will ever come upon most buildings. 

On the windward half of the truss it is seen that the stresses 
from wind are of the same sign as those from dead load. If the 
truss is designed for a minimum total load of 30 or 40 Ib., as 
previously mentioned, no member, except be, need be increased 
for additional wind stress. A tensile stress occurs in the knee- 
brace. 

On the leeward half of the truss a reversal of stress occurs in 
several members. As the members kh and the top chord are 
designed for compressive stresses of at least three times that from 
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the 10-lb. dead load no special provision need be made for the 
tensile stresses in these particular members. Consideration, how 
ever, should be given to the compressive stresses in the members 
kY, kl, gh and the kneebrace mY. 

For trusses kneebraced to columns, Ellis, in his book previously 
quoted, writes, "the wind load may without serious error be con 
sidered vertical and included with the dead and snow loads, if 
special attention is given to the columns, kneebraces and the web 
members which are connected to the kneebraces and nearest in 
line with them." In cutting sections M, N and (Fig. 11) and 
taking moments about E the compressive stresses from wind are 
obtained by the equations, 

Siai = H R f; S 2 a 2 = H R f; 83(13 = H R f; 

from which 

H*f H R f H K f 

01 = ; 02 = , 03 = . 

di 0,2 O>3 

To find the compressive stress 84 it is necessary to find the 
vertical reaction V R . This is equal to the sum of the vertical 
reactions due to the vertical and horizontal components of the 
wind loads. (See P* and P h of Table X.) Cutting section P and 
taking moments about F, 

SJ) = H R (f + 6) - V R c 
whence 

a H R (f+b)-V R c 
S4== _ . 

The reactions and principal wind stresses are best found 
algebraically. The graphic method need be used only in cases 
where it is desirable to investigate all the members of the truss. 

The horizontal pressure on an inclined surface is not the 
intensity of pressure, P, multiplied by the vertical projection of 
the surface, as is sometimes assumed, but is the horizontal com 
ponent Ph of Table X multiplied by the area of the inclined sur 
face, that is, Ph X horizontal area X sec 6. It may also be 
expressed as PA X vertical projection of area X cosec 0. 

The maximum bending moment in the columns is at the foot 
of the leeward kneebrace and is equal to H R a. The maximum 
moment at a base is that of the leeward column, and is equal to 
H R y. For columns considered free to turn at both ends, y equals 
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zero and there is no moment. Of course, with wind blowing from 
right to left, the windward sides of Figs. 11, 12 and 13 become 
the leeward sides. 

A number of variables enter in deciding whether or not a 
separate wind stress diagram need be drawn for a bent. In 
general none is needed for bents with or without monitors if the 
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FIG. 13. Wind and Dead Load Stresses for 30-ft. Bent. 

height to bottom chord does not exceed one-half the span and 
if consideration is given to Si, 82, 83 and 84 as determined by 
moments. The ratio of one-half is conservative; six-tenths in 
most cases could safely be followed. The bents in the majority 
of buildings are of such spans and heights that the only necessary 
departures from proportioning for equivalent uniform loading are 
for the compressive stresses Si and & and the columns for bending. 
Figure 13 shows wind stresses in a bent of dimensions noted. 
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Wind load is assumed at 15 Ib. on side and 20 Ib. reduced on roof 
surface. Figures in parentheses are due to a uniform dead load 
of 10 Ib. per sq. ft. of roof surface. For this bent a separate wind 
stress diagram is needed. Such would not be the case with a knee- 
brace as shown in dotted lines on the left half of the truss. All 
truss members could then, be proportioned from the equivalent 
uniform loading except the members eh and the kneebrace. The 
compressive stresses in these members can be obtained by taking 
moments as in Fig. 11. If such a kneebrace interferes with head 
room it and the web members of the truss may be as shown in 
dotted lines on the right half of the figure. This arrangement 
often possesses a decided advantage for bents of short span. 

A colleague of the writer, B. B. Priest, has prepared a diagram 
with tQxt for rapid estimating. With his permission it is repro 
duced. 
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FIG. 14. 



C = Centre to centre of bents. 
V = Height to bottom chord. 
T - Rise of slope. 
M Height of monitor. 

]^7" = Wind pressure, pounds per square foot on vertical surface. 
p = i of total wind force above point of contraflexure. 
Horizontal wind force on height 0.77 = 0.7WOF. 

Horizontal wind force on height T reduced by Duchemin's formula for slopes 
4", 5" and 6" to 12" (by close approximation) = Q.7WCT. 
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P = i[0.7TFC(7 + T)\ = 0.35TTC(7 + T) = Q.35JFCH 
If building has a monitor of height M 

WCM 

P = 0.35TFOT ^ = 0.35TFC(# + 1.5M) approximate. 

^ 

72 = 0.9P (closely approximate as determined by stress diagrams of various 

proportions of H to span). 
Stresses on leeward side of roof from wind can be found as follows and will be 

reversed from those due to vertical load : 
Moment at E = P X 0.77. 
Maximum moment in column Pa. 

Stress Si = P X 0.7 F + 0,1 (compression) 

Stress S z = P X 0.7 F -5- a 2 (compression) 

Stress S 9 = P X 0.7F -f- a 3 (compression) 

Stress 4 = P X 0.7F -f- a 4 (tension) 

Stress 5 to Sg for high buildings only (see notes below). 

Moment at F P X 0.77 - 0.9P X 61 . 

fi = (tension) 

s OB 

Moment at (7 P X 0.77 - 0.9P X & 2 /A . , 
g 6 _ (tension) 

fle &s 

Moment at K P(0.77 + 07) ~ 0.9P X 63 , . , 

S 7 = = (compression) 

a 7 0-7 

Moment at N P(0.77 + T) - 0.9P X & 4 , 
S & = = (compression) 

9 will always be less than 7 if 2 slopes steeper than Si. 

Add the above stresses to the stresses due to dead load alone (use 7J Ib. 
per square foot for G.C.S. roofing); take two-thirds of this sum to allow for 
50 per cent increase of working stress, and use this result if it is greater than 
stress from dead plus live load without wind. 

5 to S* need not be considered if height, 7, is 50 per cent of span or less. 

For G.C.S. roofing use, dead plus live load equals 25 Ib. per square foot of 
sloping area where no snow occurs, increasing this to 30 or 35 Ib. according to 
the depth of snowfall. 

"Use W = 20 Ib. per square foot of vertical surface, unless customer is 
willing to pay for greater wind resistance. 

Mill Building Bents without Kneebraces. In buildings with 
traveling cranes kneebraces can seldom be used. Sometimes for 
low buildings and light cranes the gusset plate connecting the 
truss to the crane runway can be made large enough to obtain 
lateral stability. An effective method when it can be used is to 
transfer all transverse thrust to the ends of the building by means 
of bracing in the plane of the bottom chords of the roof trusses 
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and thence by diagonals to the ground or at least to distribute 
it over several bents. Figure 15 shows a system of bottom 
chord bracing for a building 80 ft. wide and 8 bays of 20 ft., or 
160 ft. long. If the building were, say, 60 ft. wide and 140 ft. 
long, with 20-ft. bays as before, the arrangement of bottom chord 
bracing would not be so simple a matter. The writer submitted 
the case to six engineers, each experienced in the design of mill 
buildings. Figure 16, or some slight variation thereof, is the 
consensus of opinion of what should be used. 

The late P. L. Wolfel was an advocate of what he called " table " 
bracing and for the building of Fig. 15 would have used the 








FIG. 15. Bracing Plane of Bottom Chords (Even Number of Bays). 



system shown in Fig. 17. Though efficient, the system is more 
expensive than need be. Advantage is not taken of the full 
width of the building for the depth of the horizontal truss. If 
the vertical legs of all angles must be turned up to gain headroom 
a gusset plate connection is required at all crossings. 

Bracing systems in the plane of the bottom chords have their 
limitations. Openings in the ends may interfere with diagonals 
being extended to the ground. A building of unusual length 
requires provision for longitudinal expansion and contraction, 
which precludes bracing carried to the ends. If at ^any time a 
building is extended at either or both ends the bracing of course 
should be extended to the new end. In one case a building had 
been extended three times in twenty years, the bracing each time 
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being carried to the end. Finally, owing to jib cranes and the 
open end of the last extension the whole system had to be replaced. 














FIG. 16. Bracing Plane of Bottom Chords (Odd Number of Bays). 

It should be noted that bottom chord bracing is needed to 
resist the vibration due to traveling cranes. When this is the 
main function of the bracing the designer is obliged to rely largely 
upon his observation and experience in deciding the sizes of 




















FIG. 17. "Table" BracingPlane of Bottom Chords. 

members to be used, due attention being paid to the capacity and 
speed of crane. 

In some instances the lateral loading has been divided between 
the transverse bents and the bottom chord bracing. With this 
method there is uncertainty as the proportion of loading carried 
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by each depends upon their relative stiffness. Despite the uncer 
tainty it is at times advisable to have the transverse bents strength 
ened for lateral loads in addition to a system of bracing in the 
plane of the bottom chord. Both may be needed. The "General 
Specifications for Steel Frame Buildings" of Ketchum will be 
quoted: 

In steel frame buildings having efficient knee-braced bents and also 
so braced as to transmit wind loads through the planes of the upper and 
lower chords and sides and ends, the wind load may be assumed as taken 
equally by the two systems of bracing. In which case, the transverse 
bents may be designed to carry one-half the wind loads specified. 



Bracing no/ shown 
in this side of 
roof 




Deep knee braces 
at every truss 

Heavy waif columns 
throughout 

--Provide knee braces if rod 
diagonals are not practicable 



(Courtesy of the Associated Factory Mutual Fire Insurance Companies of Boston.) 
FIG. 18. Bracing for Steel-Frame Mill-Building. 

One engineer in designing high buildings with heavy cranes raises 
the trusses 2 ft. more than necessary for vertical crane clearance 
in order to allow the use of substantial gusset plates 3 ft. or more 
deep in connecting trusses to columns. 

In all cases, including roof trusses resting on walls, some 
diagonal bracing should be introduced into the planes of both top 
and bottom chords for stiffness as well as to take calculated 
stresses. Such bracing is also a necessity to the erector. Figure 18 
is taken from " Windstorms," previously quoted. 

The Side Girts. The girts are apparently the simplest portion 
of a building to design, but they are difficult to proportion to meet 
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competition. Side and end girts of 3J X 2f X f-in. or ^-in. 
angles, 16 to 20 ft. long and 5 ft. apart, are still in use after twenty 
years' service, in defiance of all figures. Scores of buildings with 
girts of single angles which for a pressure of 15 Ib. per sq. ft. 
would have fiber stresses of 35,000 to 40,000 Ib. per sq. in. have 
resisted the wind for years. In few buildings have the girts ever 
received a pressure of 15 Ib. per sq. ft. Before collapsing they 
will act as catenaries. They are prohibited from being so con* 
sidered in many specifications. Girts should be figured as beams. 
Channels are more economical than angle shapes. The section 
modulus of a 5-in. channel, 6.7 Ib. per ft., is 3.0, of a 5 X 3 X i^-in. 
angle, 8.2 Ib. per foot, is but 1.9; that is, the angle weighs 22 per 
cent more than the channel and is but 63 per cent as strong. 

Working Stresses. Extreme wind loading occurs but seldom. 
Working stresses due to wind either alone or combined with stresses 
from other loads may be safely increased to a maximum of 24.000 

Ib. per sq. in. in tension and 24,000 105- in compression, 

provided that the section thus obtained is not less than that 
required if wind forces were neglected. These larger working 
stresses are not intended to be used for the assumption of equiva 
lent uniform loading on roofs. 

Hangars. Hangars are in a class by themselves. The litera 
ture on the subject is quite extensive especially in the German 
and French technical press. An article by Lieutenant-Colonel 
Espitallier, "I/action du Vent sur les Hangars" in La Technique 
Aeronautiquej 11 suggests a pressure of 54.2 kg. per sq. m. (11.1 Ib. 
per sq. ft.) for a strong wind; 122 kg. per sq. m. (25.0 Ib. per 
sq. ft.) for a violent tempest; 177 kg. per sq. m. (36.1 Ib. per sq. 
ft.) for an hurricane; 278 kg. per sq. m. (56.9 Ib. per sq. ft.) for a 
"grand" hurricane. 

A paper by Luke Hamilton Larmuth, " Airship Sheds and 
their Erection," in the Proceedings 12 of the Institution of Civil 
Engineers deals more particularly with the 61 airship sheds erected 
during the period 1914-19. (At the commencement of the Great 
War there were but 6 sheds of any importance in England. Flight, 
the official organ of the Eoyal Aero Club of the United Kingdom, 

11 Tome VII, p. 48, January 1, 1918. 

12 Vol. CCXII (1921), pp. 169-209; Discussion, pp. 210-225. 
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lists 42 in Germany 13 as either built or planned for 1914.) The 
specifications called for a wind load of 35 Ib. per sq. ft. horizontal 
on the roof in addition to a snow load of 5 Ib. per sq. ft. and 
30 Ib. per sq. ft. on the sides and doors. "The normal pressure 
on the sloping surfaces to be calculated by Professor Unwin's 
formula/' 

The doors deserve a passing notice. The Admiralty decided 
upon a type of self-supporting door running on parallel rail tracks 
a sufficient distance apart to ensure stability, ballast being pro 
vided as required, or other means adopted to prevent overturning 
by wind pressure. These doors were to be quite independent of 
the shed, a simple hood being provided on the gable to cover in 
the top, and sufficient clearance to avoid contact. In this case 
both leaves would travel on the same tracks. The doors as built 
are arranged in separate leaves, each being 76 ft. wide by 130 ft. 
high by 48 ft. cross center of rails. They thus meet the require 
ment of a clear opening 150 ft. wide by 130 ft. high. The stress 
diagrams of the article show wind pressure assumed ranging from 
20 Ib. at the ground level to 40 Ib. at the eaves level a case more 
severe than the 30 Ib. required by the specification. The pressure 
is assumed on either face, whether in open or closed position. 
They are ballasted with concrete sufficient to balance the doors 
under a wind pressure of 15 Ib. per sq. ft. When this pressure is 
exceeded the suspenders come into action. 

In the United States civil flying is increasing by leaps and 
bounds. 

Every city wants to be "on the airline" just as it wanted to be on the 
railroad a generation or two ago. Some 425 municipal and 415 privately 
owned flying fields are recorded by the Department of Commerce as 
already in use in the United States. In addition to these there are 80 
military flying fields and 644 marked intermediate or auxiliary fields 
a grand total of 1564 fields. Some 942 others are under consideration 
and will be placed in operation during the next few years. 14 

Reference to technical periodicals will show various types of 
hangars. Unfortunately the wind pressure used in their design 
and the method of calculating the stresses therefrom are seldom 
given. The wind is a real factor entering into the design of 
hangars. They are usually located distant from other buildings 

i 3 "Military Aeronautics in Germany," Vol. VI, p. 997, October 2, 1914. 
* 4 "Civil Airports and Airways," by Archibald Black, 1929. 
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and are ?ut)]eef to winds with uninterrupted sweep. The doors 
m*e<i to he carnally considered, in fact they have been considered 
probably moro than the building itself. With the increase In wing 
spreads, doorways are becoming both wider and higher. 

Miscellaneous Points. The assumption of equivalent uniform 
loading is not often applicable to armory roofs, drill halls, train 
sheds, convention halls or to many roofs designed by architects for 
artistic effect. For such cases separate stress diagrams for wind, 
snow and dead loads are usually required. 

It should be noted that wind blows on ends of buildings ass well 
as on sides. Bracing in the planes of the top and bottom chords 
of each end bay and carried to the ground in the planes of the side 
columns will take care of induced stresses. 

Angle or other stiff bracing should be used in the plane of the 
bottom chord. It is more or less of a problem to decide upon 
sizes to be used when stresses are nominal and members are used 
mainly to add stiffness. One large engineering firm places the 
maximum length for secondary members in compression carrying 

wind loads only at 210 - and for angles in tension 90 times the depth 
r 

of the vertical flange of the angle. It is seldom advisable to use 
a Warren system of bracing, but when so used members should be 
designed for compression as well as tension. 

Monitors should be braced longitudinally in both sides and 
roof, also transversely. 

If wall columns are to be considered as fixed (or nearly so) 
at their bases the designer and detailer should as far as in their 
provinces make them so. The anchorage, including anchor bolts 
and their connections, should be strong enough to resist the bend 
ing moments at base of columns. 

Of Industrial buildings the first to succumb against intense 
wind pressure are those of high open interior with roof trusses 
supported on slender columns. In the hurricane that swept over 
Cuba, October 20, 1926, numbers of such buildings were leveled 
to the ground. If their columns had been made wider, kneebraces 
carried farther down the columns, bracing extended throughout 
the planes of the chords and carried to the ground, many of them 
would have stood. It may be remarked that ineffectively braced 
steel frames with poorly detailed connections are frequently 
severely damaged even by moderate storms. 
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The detailer plays an Important part In making any design 
efficient. Especially is this true of the provision lie makes for 
bending moment of columns and for connections of members. 
An excellent design may be weakened by poor details. Common 
faults in kneebrace connections are: (a) they pull on the heads 
of only a few rivets, (6) the outstanding legs of the clip angles 
are too weak to resist bending, (c) the joints are often more 
eccentric than they need be, (d) the joints are weak In compression 
due to their gusset plates. A common fault In the details of 
bottom chord bracing where wind loads are carried to the ends 
of the building is too few rivets In the connections of diagonals in 
the end bays. The same fault is sometimes found in the vertical 
diagonals adjoining the corners of the buildings. 

Why Do Some Structures Stand? 15 When a structure fails, 
the reasons for its failure are soon determined. A more difficult 
problem is to determine why some structures stand. Almost 
every structural engineer has had come within his observation 
some structure that according to textbooks and rules of accepted 
practice is dangerously weak and should fail, but it has continued 
to stand and do its work. Why do such structures stand? 

In the consideration of existing structures that have stood up 
year after year that seemingly have no right to do so two things 
should be remembered. First f the critical loading for which they 
should have been designed has never come upon them. The 
reason why some buildings and towers are standing for which 
inadequate provision has been made for wind is that up to date 
they have not been subjected to a severe storm, or if they were 
in a storm area they either were not stressed in their weakest 
direction- or were partly protected. Secondj in every building 
there are a number of Indeterminate sources of strength. Two 
of these are mentioned by Beck. 16 He pertinently writes: 

As a fact there are two resistances which, though seldom taken into 
account, help to provide stability; these two resistances are: (1) The 
partial "fixity" as to direction of the purlins where they are connected 
to the trusses, tending to prevent the closing and opening of the angles 
(made by the purlins with the top chord of the roof trusses) ; and (2) the 
resistance of the roof covering to distortion. Of the two resistances, the 

16 "Why Do Some Structures Stand? A Partial Solution/' by Robins 
Fleming, The Canadian Engineer, Vol. 44, p. 434, April 24, 1923. 
16 "Structural Steelwork," London, 1920. 
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latter is probably by far the more effective. ... It would be practically 
impossible to demonstrate, by mathematical reasoning, the extent to 
which the covering material of a roof Is capable of acting also as wind 
bracing. 

Nevertheless, as the author states^ if rigidly attached to purlins 
there is a " bracing effect/ 7 in the covering. What he says in con 
clusion applies to the whole subject of wind bracing: 

The decision must be made by the designer, after careful considera 
tion of each individual case and its circumstances; but in all cases it is 
assumed that the designer is qualified to consider the circumstances, inter 
pret their significance properly, counting the reasonableness of any 
assumptions made and adjudging without bias whether any particular 
risk should be provided for, and to make a decision which can be justified 
by logical reasoning and by the observation and interpretation of facts in 
similar cases of previous practice. 

Again and this accounts for a great deal of strength in seeming 
weakness any member of a steel structure may be stressed to its 
elastic limit, but if that limit is not exceeded, failure will hardly 
take place. Moreover, there may be a readjustment of stresses in 
the structure as the elastic limit is approached in any particular 
member. 



CHAPTER VI 
WIND STRESSES IN MANY-STORIED BUILDINGS 

A survey made by the Thompson-Starrett Company, Inc., and 
published in its trade paper The Skyscraper for July 1929 reveals 
that there are in the United States 4778 buildings 10 stories or 
more in height located in 131 of the 173 cities having 50,000 or 
more population. Of the 377 buildings in 36 cities more than 
20 stories high, 188 are in New York, 65 in Chicago, 22 in Phila 
delphia, 19 in Detroit and 15 in Pittsburgh. Although Los Angeles 
has but one, Oklahoma City and Tulsa each has two. There are 
10 buildings in the country taller than 500 ft. and several others 
are in the course of construction. The Wool worth Building 
erected in 1912-13 is at present the highest, 792 ft., although the 
Chrysler Building ready for occupancy early in 1930 will rise 
808 ft. above the sidewalk "16 ft. higher than the Wool worth 
Building." Later the Bank of Manhattan Building will mount 
to a height of 836 ft. and claim the distinction of being the loftiest 
building in the world. How long it will retain this distinction is 
uncertain as still higher buildings are being proposed. The 
Woolworth Building, however, still will be regarded as "The 
King of Skyscrapers." From the 10-story Home Insurance 
Building of Chicago finished in 1885 to the 40- and 50-story build- 
iags being erected today is a period of less than fifty years. 

The importance of the subject of this chapter is seen at once 
from the long array of many-storied buildings thus brought to 
mind. As buildings rise higher and higher the wind becomes more 
and more a dominant factor in their design. The difficulties 

NOTE. Since this chapter was written the erection of the steel frames of 
both buildings has been completed. Owing to a rivalry between the owners 
as to which should have the highest building in the world the Chrysler Build 
ing was carried to a height of 1046 ft. to the top of a finial spire 185 ft. high 
and the Bank of Manhattan Building to 927 ft. to top of the flag pole. 
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inherent with the unstable wind have been recognised by all 
writers on high building construction. 

The subject of wind resistance in tier buildings of many stories 
may be divided into three parts: 

I. The wind pressure to be assumed. 
II. The determination of stresses due to the assumed 

pressure. 

1IL The working or unit stresses to be used in proportioning 
the members of the structure. 

I. WIND PRESSURE TO BE ASSUMED 

Most high buildings are in cities in which the minimum wind 
pressure to be resisted is specified by a municipal building code. 
These codes vary greatly in their requirements all the way from 
15 to 30 Ib. per sq. ft. over entire exposed surface, and in some 
codes 10 Ib. and 35 Ib. over parts. One naturally infers that the 
wind pressure is to be wholly resisted by the steel frameworjt 
but the code seldom specifically states. In a number of cities are 
important buildings, the steel frames of which are designed for 
20 Ib., in one case 15 Ib., although the codes of the respective cities 
in which they are located call for all buildings to resist a wind 
pressure of 30 Ib. per sq. ft. of exposed surface. Their designers 
assumed that the walls, floors and partitions would be sufficient 
to resist the remaining force. 

The question arises whether any portion of the wind force should be 
allocated to walls and partitions; if so, it should be definitely stated in 
the code and not be left to the judgment of the individual designer. 
This would place designers on equal basis. Whatever exceptions there 
are to entire surfaces being designed for wind pressure should be clearly 
and definitely mentioned in the code and not left to inference. It may 
be stated that the first real step toward uniformity of treatment in the 
matter of wind pressure for high buildings must be in the revision of the 
building codes of our municipalities. It is a cause of regret that this 
subject has not been taken up by the American Society of Civil Engineers. 
With all the talent in their membership they have neglected this impor 
tant phase during the forty years skyscrapers have been built. 1 

The force exerted by the wind on a structure depends upon 
its velocity. The maximum true wind velocities in miles per hour 

i "Wind Stresses in Tall Buildings. A Ileview of the Subject to Bate," 
by Robins Fleming. Engineering and Contracting, June, 1929, p. 250. 
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at the Weather Bureau stations in a number of cities in the United 
States from data furnished by the Weather Bureau 2 are Boston, 
56; Albany, 54; New York, 74; Philadelphia, 58: Washington, 
53; Charleston, 74; Jacksonville, 58; Pensacola, 88; Mobile, 88; 
New Orleans, 66; Galvoston, 71; Dallas, 49; St. Louis, 62 ; 3 
St. Paul, 76; Milwaukee, 49; Chicago, 65; Detroit, 67; Cleveland, 
57; Buffalo, 74; San Francisco, 50; Los Angeles, 38. It should 
be noted that the figures given are the true or corrected velocities 
and are much less than the velocities recorded by the anemometer. 
They are the maximum velocities for the station and may not be 
maximum for the region. It should be observed also, and this 
is important, that the velocities given are the average velocities 
for five-minute intervals. Anemometers at Cape Hatteras and 
Miami Beach on reaching an indicated velocity of 125 miles per 
hour were destroyed. The highest velocity ever recorded in the 
United States was 186 miles per hour, (equivalent to 140 miles 
true velocity), measured with a 4-cup Robinson anemometer on 
Mount Washington, N. H., at 4 A.M., January 11, 1878. 4 

The Effect of Walls, Partitions and Floors. In the design of 
wind bracing the first question that arises is whether or not the 
steel frame shall be designed to resist the entire force of the wind, 
or whether the walls and partitions can be assumed to carry part 
of it to the ground. Building codes are often ambiguous in this 
respect. For instance, that of Detroit reads: 

In all structures exposed to winds, if the resisting moments of the 
ordinary materials of construction, such as masonry, partitions, floors and 
connections, are not sufficient to resist the moment of distortion due to 
wind pressure taken in any direction on any part of the structure, addi 
tional bracing shall be introduced sufficient to make up the difference in 
the moments. 

A provision like the foregoing does not tend to uniformity in 
design. The opinion of one engineer may be quite different from 
that of another. A wide variation of interpretation may be given, 
especially by the incompetent. Rulings of one building official 

2 "Wind Velocities in the United States from Long-Time Records/' by 
P. K. Schuyler. Engineering News-Record, Vol. 99, p. 352, September 1, 
1927. 

3 The Weather Bureau Station was far enough from the path of the tornado 
not to be affected by it. 

4 B, C. Kadel in Monthly Weather Review, October, 1926. 
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may bo rovorsod by his successor. Furthermore, the public is not 
sufficiently protected when so important a matter is left in such 
an indefinite state. The main object of a code is to protect the 
non-technical public. To do this the consensus of opinion of the 
best authorities should be clearly and definitely stated. 

At the beginning of the era of high buildings this was one of 
the questions considered by engineers. Thus, Corydon T. Purdy^ 
whose name is inseparably connected with early high building 
construction, In a series of articles, "The Steel Skeleton Type of 
High Buildings/' 5 says of the Venetian Building a 14-story 
building of Chicago erected in 1890-91, "It has not been deemed 
necessary to carry the whole amount of this shear into the steel 
bracing. In any building the dead weight of the structure itself 
acts to some extent to counteract the distorting effect due to 
lateral force." In this particular case the shear referred to was 
that from an assumed wind force of 40 Ib. per sq. ft. of exposed 
surface, 70 per cent of which was cared for by the bracing and 
30 per cent by other factors. 

Not many authoritative data on the subject of deflection of 
high buildings are available. In 1893-94 tests were made to 
determine the deflections of the 17-story Monadnock Block and 
the 14-story Pontiac Building of Chicago. The deflections were 
first observed by transits set in sheltered positions and these 
observations were checked by plumb-bobs suspended in the stair 
way shafts in the Monadnock building from the 16th story. 
The observations checked very closely. Under an 80-mile wind 
they showed a deflection of but J to J in. 6 

Cyrus A. Melick in 1910 measured the vibration of a 17-story 
office building erected in 1901. The largest indicated velocity of 
wind during the observations was 44 miles per hour. "The 
largest observed vibration was of a momentary nature and not 
greater than J in." Mr. Melick concluded that the walls and 
partitions probably reduced the deflection of the structure about 
40 per cent. 7 

If it were not for walls, partitions and floors, tall buildings 
would sway in the wind much more than they actually do, David 

fi Engineering News, Vol. XXVI, p. 607, December 26, 1891. 
8 Engineering News, Vol. XXI, p. 169, March 1, 1894. 
7 "Stresses in Tall Buildings," Bulletin 8, College of Engineering, Ohio 
State University, Columbus, Ohio. 
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A. Molitor in a valuable paper 8 mentions a 40-story steel building 
the steel frame for which was designed by him and the calculated 
deflection on the basis of 15 Ib. wind pressure with American 
Institute of Steel Construction specifications for the bare frame 
was found to be 6.5 in. The bent analyzed was 100 ft. wide by 
466.8 ft. high with seven columns spaced nearly equi-distant. 
The bent carried wind over an exposed width of 27 ft. "If such 
a building/' he says, "in its completed state was to sway as much 
as 1 in. in the wind, it might border on financial failure from the 
standpoint of occupancy/' He writes, "A steel building frame 
is an engineering structure only so long as the frame is bare; 
but when clothed with architectural coverings of stone, brick, and 
concrete, with concrete floors, tile partitions, etc., it becomes a 
composite structure the nature of which cannot be appraised in 
terms of mathematics." This " architectural clothing, 77 he thinks, 
increases the rigidity of the frame from 300 to 400 per cent. 
Were it not for this the assumption that the wind load is resisted 
entirely by the steel frame would be seriously deficient. 

The earlier tall buildings had thick walls and considerable dead 
weight that did much to prevent vibration. In the modern apart 
ment house of fifteen stories and more the dead weight is much 
less, thus allowing a greater vibration frequency and more ampli 
tude. Figures 19 and 20 present two vibration studies taken 
from an article, "Mushroom Skyscrapers," by David Cushman 
Coyle in The American Architect Mr. Coyle brings out that the 
relation between type of occupancy and sensitiveness to motion 
is a very important one. 

In an office the occupants are awake, clothed, occupied and expecting 
to be paid for their time. It is daylight, and there are other people about, 
to give a sense of security. In an apartment one may find himself alone, 
in bed, and in the dark, with a storm howling outside. Moreover, if one 
is ever subject to disturbances of the organs of equilibrium, such a con 
dition is most apt to occur after an evening. Such being the case it is 
inevitable that some of the tenants in an apartment tower will feel or 
imagine strange things and tell them to their friends. . . . But if it gets 
a bad name for safety, even though that bad name is due to the imagina 
tions of unscientific laymen, the profits of this type may be so reduced 
that it will become increasingly difficult to finance. 

8 Discussion "Tall Buildings to Resist Wind." Proceedings, American 
Society of Civil Engineers, Vol. 55, p. 189, January, 1929, 

9 Vol. 185, p. 829, June 20, 1929, 
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As tho editors of tho periodical &iy in a foreword to Mr. Coyle's 
article: 

Viowfd from tho standpoint of profitable building investment, it is 

not always sufficient that the >tni*turai frame have only enough strength 
to conform to the local building code and he a safe structure. In the case 

of high buildings the frame must bo designed to resist wind pressure with 

sufficient stiffness to keep the vibration caused by the wind within limits 
that inspire the occupants with confidence in the strength of the structure. 





FIG. 19. Vibration Records. 

Comparison of light and heavy construction. Readings were taken on the same day, 
wind southwest, gale velocity. Time of readings: one minute. 
Readings shown approximately two-thirds actual size of motion. 

1. Building A (light construction), 9 a.m., weak direction of building. 

2. Building B (light construction), 10 a.m., weak direction of building, 

3. Building C (heavy construction), 10 a.m., weak direction of building. 

4. Building C 11 a.m., strong direction. 

5. Building D (heavy construction), very narrow base, 2 p.m., weak direction of building. 

6. Building A, 2:30 p.m., weak direction. Wind blowing hard. 

Many engineers believe that it is inadvisable to allocate a 
certain amount of wind force to the walls and the remainder to 
the structural frame. An editorial, "Bracing of Tall Buildings/ 7 
in The Canadian Engineer 10 written after the Florida hurricane, 
states: 

1 Vol. LI, p. 645, November 16, 1926, 
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From the general racking of the walls of tall buildings in Miami, It 

appears that the structural frame cannot begin to function effectively 
against heavy wind force until ultimate loads are brought to bear on wails 
and partitions. It would therefore seem that assumptions to the effect 
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FIG. 20. 

Vibration, study of building Y, a recently completed twenty-five story apartment house, 
in comparison with two other buildings. Building Y is heavily braced and has an exposed 
location. Vibration readings above were all taken on the same day. Two readings, each 
one minute, are shown in each case. 

Wind: strong. Readings are shown approximately actual size. 

7. Building X (light construction), 3:00 p.m., 25th floor, 

8. Building Y, North and South, 3:40 p.m., 24th floor. 

9. Building Y, East and West, 4:00 p.m., 24th floor. 

10. Building Z (heavy construction, narrow shape), 4:30 p.m., 28th floor. 

11. Building X, 5:40 p.m., 25th floor, wind gradually diminishing. 

that the walls resist a certain proportion of the wind force and the wind 
bracing resists the remainder cannot be supported by the performance 
of tall buildings in Miami. At the outset, in a storm, the walls and par- 
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titions undoubtedly take a considerable share of the imposed wind force, 

hut as soon as they have hem shattered, the structural frame must take 
over all of the force. Any division of wind load, then, between the fragile 
walls and the structural frame appears to be unwarranted. 

An exception will be taken by some engineers to the opinions 
here expressed. One engineer^ in a personal note to the writer^ 
says: 

I very much disagree with The Canadian Engineer. The walls and the 
framework certainly do act together. ... A building should be strong 
enough to avoid "shattering" of its walls under the assumed wind force. 
Still further, the floors and walls play a prominent part in the distribu 
tion of the wind pressure, and all of the construction plays a part in 
adding to the mass or weight that resists the larger sudden pressure or 
gusts, thus tending to prevent pulsation and also to lower the maximum 
average pressure by distribution of the maximum wind force over larger 
areas and time periods. 

This is true. They undoubtedly add to the rigidity of a structure, 
but for strength dependence should be placed on the steel frame. 
A distinction is made between strength and rigidity the steel 
frame furnishing the strength and the "architectural clothing" 
the rigidity. 

In general, for structures extending over a large area, such as bridges 
of long span, radio towers, etc., the average speed over a few minutes as 
given in the ordinary records is usually believed to provide ample safety, 
although some authorities believe that maximum gust velocities should 
be used. For small structures, on the other hand, such as water tanks, 
signs, short flagpoles, etc., values approaching the maximum gust veloci 
ties should certainly be used, 11 

(The writer takes exception to the classification of radio towers 
with structures extending over a large area. Radio towers are 
built of comparatively light material and the wind has a pulsating 
effect. They should be designed to withstand the heaviest gusts 
they are liable to meet.) 

According to the table of velocities of Chapter IV an indicated 
velocity of 90 miles per hour, a hurricane velocity, is equivalent 
to a true velocity of 69.1 miles. With K assumed to be 0.004, 



11 ^ri nc j Pressures on Structures," by Hugh L. Drydea and George C. 
Hill, Department of Commerce. Scientific Papers of the Bureau of Stand 
ards, No. 523. 
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p = KV 2 = 69.1 2 X 0.004 = 19.1. With K assumed to be 0-003, 
p = KV 2 = 69. 1 2 X 0.003 = 14.3. Wind velocity increases with 
height as mentioned in Chapter IV. As a general specification for 
wind pressure to be used in designing tali buildings the following 
is recommended: 

The steel frame of buildings other than mill buildings shall be 
designed to withstand a horizontal wind pressure of not less than 
20 Ib. per sq. ft. of side or end surface up to a height of 300 ft. 
above ground level. For surface above the 300-ft. level 2 Ib. 
per sq. ft. shall be added for every 100 ft. or fraction thereof in 
height. For roofs the normal pressure as determined by the 
Duchemin formula from the horizontal pressure at the eave line 
shall be used. 

The building, however, will withstand before collapsing an 
indicated velocity greater than the 90 miles per hour (true velocity 
69.1 miles). The "factor of safety" can be drawn upon as in 
mill buildings (see Chapter V) though not to the same extent. 
If a working stress of 24,000 Ib. per sq. in. is used for stresses due 
to wind loading, the true velocity will be increased when 30,000 Ib. 



is reached to 69.1 X , 3 = 77.4 miles corresponding to an 



indicated velocity of 101 miles. At the elastic limit of 36,000 Ib. 



the true velocity will be 69.1 X / ' = 84.6 miles correspond- 

* 



ing to an indicated velocity of 110 miles. 

For the hurricane regions of Florida and the Gulf coast the 
foregoing pressures should be increased not less than 10 Ib. per 
sq. ft. For tall buildings in Porto Rico not less than 20 Ib. should 
be added. Even these pressures may not be proof against hurri 
canes of extreme velocities. As stated in a previous chapter no 
building construction can resist the core of a tornado in its fury. 

As previously mentioned the prescribed wind pressures of 
building codes vary greatly. A minimum pressure of 20 Ib. per 
sq. ft. of exposed surface is becoming more and more common 
for cities in the United States. This has long been that of the 
Chicago code. Many of the cities that have required 30 Ib. 
(New York City among others) have changed or soon will change 
to 20 Ib. After reading scores of codes the writer looks with favor 
upon that of London. The London County Council (General 
Powers) Act of 1909 specifies: 
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All kiildini:- >hail hr M> dt^itzned as to resist safely a wind pressure 
of not le>v than HO IK jvr Mfiiaro foot of the upper two-thirds of such 
buildings expand to \\iiui pressure. 

It. is readily seen that the total wind shrar above the base of the 

building with 30 Ib. per sq. ft. over the upper two-thirds is the 
same as 20 Ib. per sq. ft. over the entire area. The distribution 
Is more severe. In London, buildings, except ecclesiastical struc 
tures, are restricted to a height of SO ft. 



II. THE DETERMINATION OF WIND STRESSES 

The architects of early high office buildings developed four 
leading types of wind bracing as shown in Fig. 21. The simplest 
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FIG. 21. -Early Types of Wind Bracing. 
These have been superseded to a large extent by the Gusset Plate type. 

and the cheapest was the vertical sway-rod type. The stresses were 
easily calculated and with connections properly made there was 
little, if any, bending moment in either column or lateral strut. 
This type was easy of erection and required but little field riveting. 
It was used for the Masonic Temple of Chicago, designed in 1890, 
21 stories of steel framing on spread foundations, "the highest 
building in the world and one of the seven wonders thereof for 
the next few years." Where it can be used it is still an ideal type, 



THE DETERMINATION OF WIND 99 

being more economical of steel than other types and at the same 
time giving a stiffer building. Diagonal members of angles are 
preferable to rods. A modified type of vertical sway bracing is 
found in the monumental tower of the Consolidated Gas Company 
Building 12 in New York City, 

The lattice girder type was at one time quite common. It has 
decided limitations. The 14-story Reliance Building in Chicago ? 
built in 1894 on a lot 55 by 85 ft., was braced by 24-in. plate 
girders at each floor between the outside columns, "thus binding 
the columns together and transferring the wind strains from story 
to story on the table-leg principle," 

The portal type, used occasionally where large openings were 
required between columns, consisted of a series of solid web 
portals one above the other. "The portal arrangement certainly 
makes a fine interior appearance if the arched openings are given 
a slightly decorative treatment in plaster as was done in the 
Old Colony Building' 7 (Chicago, built in 1894). The type is 
cumbersome and expensive. 

The kneebrace type was used by W. L. B. Jenney, "the real 
father of the modern tall building or rather that form of skeleton 
construction that made it possible." It is still used to some 
extent. Several pages are given to the type in the chapter, 
"Wind Bracing in Tall Buildings," of the seventeenth edition of 
the Kidder-Nolan, "The Architects' and Builders' Handbook." 
(The stresses in kneebraces are taken up later in the present 
chapter.) Detailed information regarding early types of wind 
bracing and examples of each may be found in Freitag's "Archi 
tectural Engineering/ 7 second edition, copyright 1901. 

The Gusset Plate Type of Wind Bracing. The early types of 
wind bracing, except possibly the kneebrace type, are now seldom 
used. On account of their interference with architectural features 
they have given way to the gusset-plate type without diagonals. 
The gusset-plate type is not an economical method. Large bend 
ing moments occur in girders and columns and considerable field 
riveting is required. Neither will the building be as stiff as in 
other methods, the bending in the column being the largest con 
tribution to lateral deflection. These items are, however, offset 
by others; architects and engineers are allowed greater freedom 
in design, and there is less encroachment upon space above or 

12 Engineering News-Record, Vol. 103, p. 162, August, 1, 1929. 
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below floor levels than by any other type. For these reasons 
gusset-plate wind-bracing is used more than all other methods. 

Different methods of determining stresses where the gusset- 
plate type of connections is used have been brought out. A broad 
classification may be: 

I. Theoretical methods (often called "exact" methods). 
II. Workable methods (often called " approximate " 
methods). 

A theoretical method is of but little use unless it is workable, 
that is, practical to follow. An ideal method would be based on 
sound theory and would also be workable. The so-called exact 
methods have one fault in common they are not workable. The 
structure is regarded as statically indeterminate and the tedious 
method of determining stresses according to the deformation of 
the members must be followed. To do this requires that the 
sections of members must be known or assumed. An approxima 
tion close enough for procedure can usually be made. 

The pioneer of the exact methods is probably that presented by 
Ernest F. Jonson in a paper, "The Theory of Framework with 
Rectangular Panels and its Application to Buildings which have 
to Resist Wind," 13 

If the method which he suggests were used, it would give the stresses 
with a fair degree of accuracy; but his method involves so many unknowns 
that its use would not be practicable in the actual design of buildings 
WILSON" and MANEY. 

Another method, the method of least work, is presented by 
Professor Albert Smith in a paper, "Wind Stresses in the Steel 
Frames of Office Buildings." 14 This method, though exact, is 
long and tedious. Dr. Cyrus A. Melick in his "Wind Stresses in 
Steel Frame Office Buildings" uses a method exceeding in length 
that of any other published, so long that it is practically impossible 
for a 20-story building. 

The slope-deflection method as presented by Wilson and Maney 
in their "Wind Stresses in the Steel Frames of Office Buildings" 15 

13 Transactions American Society of Civil Engineers, Vol. LV (1905), 
p. 413. 

14 Journal Western Society of Engineers, Vol. XX, p. 341, April, 1915. 

15 Bulletin 80, June, 1915, University of Illinois Engineering Experiment 
Station. 
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is the best known of the theoretical methods. The fundamental 
equation used in their analysis is, 

MAS = 2EK(20 A +OJB- 3B) 
expressed as follows: 

The moment at the end of any member is equal to 2EK times the 
quantity: Two times the change in the slope at the near end plus the 
change in the slope at the far end minus three times the deflection divided 
by the length. E is the modulus of elasticity of the material and K is 
the ratio of the moment of inertia to the length of the member. 

This equation is based upon the proposition: 

When a member is subject to flexure, the deflection of any point in 
the neutral axis from the tangent to the elastic curve at any other point 

M 
is equal to the moment of the area of the diagram for the portion of 

JtLl 

the member between the two points, about the point where the deflection 
is measured. 

The assumptions made are: 

1. The connections between the columns and girders are perfectly 
rigid. 

2. The change in the length of a member due to the direct stress is 
equal to zero. 

3. The length of a girder is the distance between the neutral axis of 
the columns which it connects, and the length of a column is the distance 
between the neutral axes of the girders which it connects. 

4. The deflection of a member due to the internal shearing stress is 
zero. 

5. The wind load is resisted entirely by the steel frame. 

With the slope-deflection method 60 simultaneous equations are 
necessary to determine stresses in Figs. 22 and 30. This makes 
the method impracticable for the engineer engaged in the actual 
design of high office buildings. 

A method based on the slope-deflection method presented by 
Ross and Morris, "The Design of Tall Building Frames to Resist 
Wind/ 7 16 has aroused considerable discussion. The present writer 

16 Proceedings American Society of Civil Engineers, Vol. 54, p. 1395, 
May, 1928. 
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has expressed his opinion 17 that it will not be followed to any 
oxtent in practice. 

The inherent difficulty in designing for lateral forces on a building 
frame is that the intermediate transverse framework is statically indeter 
minate. Columns and floor girders cannot be proportioned until the 
wind stresses are determined. The amount of wind stress a member 
takes (according to the "exact" methods) depends upon its capacity to 
resist bending moment. This necessitates a trial, and a final proportion 
ing of members. Again, moment connections are often used in the upper 
stories of a high building different from those in the lower stories. This 
in an "exact" method brings a new distribution of stress. Professor 
Albert Smith who evolved calculating wind stresses by a "method of 
least work" closes his discussion of the Ross and Morris paper with the 
paragraph, "The design of wind-bracing has to be done at great speed. 
The speaker thinks it better to use a conventional assumption in regard 
to points of contraflexure and distribution of shears, modified roughly 
to allow for a symmetry and variations of stiffness, than to attempt 
greater refinement of calculation." 18 

Moreover, the stresses found by the slope-deflection method 
are not exact because the assumptions are not strictly valid. 
Molitor 19 evaluates these assumptions, approximately, as follows: 

1. The connections between columns and beams or girders are perfectly 
rigid. This may influence the resulting stresses by 30 to 50 per cent as 
indicated by strain gage measurements on riveted connections. 

2. The change in lengths of members due to direct stress is negligible. 
This may involve errors of about 1 per cent. 

3. The lengths of the members are the distances between intersections 
of their neutral axes. This may affect the stresses. 

4. The deflection of a member due to internal shear is negligible. 
Deflections in beams are usually about 10 per cent greater when the web 
shear is considered. 

5. The wind load is resisted entirely by the steel frame. If this were 
true, tall buildings would sway in the wind three or four times as much 
as they actually do. In other words, the architectural clothing probably 
increases the rigidity of the frame from 300 to 400 per cent. However, 

17 Proceedings American Society of Civil Engineers, Vol. 54, p. 2395, 
October, 1928. 

is "Wind Stresses in Tall Buildings. A Review of the Subject to Date," 
by Robins Fleming. Engineering and Contracting, June, 1929, p. 250. 

19 Discussion: ''Tall Building Frames to Resist Wind." Proceedings 
American Society of Civil Engineers, Vol. 55, p. 189, January, 1929. 
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to preserve a tenantable rigidity for tall buildings, experience dictates 
basing the design on this assumption, besides adhering to present working 
stresses. Thus, a silicon-steel frame with working stresses 30 per cent 
higher than for ordinary structural steel would result in a frame with 
30 per cent less rigidity for the same factor of safety. 

In the design of high office and many-storied tier buildings 
recourse must be had to workable methods for determining stresses 
due to wind loads. Two such methods will be presented. The 
writer wishes to state that although he has sponsored these methods 
he did not originate them. They have been followed, sometimes 
with modifications, in the design of hundreds of buildings. They 
have each, with some justice, been severely criticised but no 
workable method for the ordinary many-storied building has taken 
their place. 

Approximate Method I The Cantilever Method. The first 
method presented will be called for convenience the cantilever 
method, although in all methods the structure as far as wind 
forces are concerned is a cantilever. The method as applied to a 
building is based upon the following assumptions: 

1. A bent of a frame acts as a cantilever. 

2. The point of contraflexure of each column is at mid-height 
of the story. 

3. The point of contraflexure of each girder is at its mid-length. 

4. The direct stress in a column is directly proportional to the 
distance from the column to the neutral axis of the bent. 

5. The wind load is resisted entirely by the steel frame. 

The analysis followed is based on that given by A. C. Wilson 
in an article, " Windbracing with Knee-braces or Gusset plates." 20 
The present writer gave this method with others in an article, 
" Wind-bracing without Diagonals for Steel-Frame Office Build 
ings." 21 The article was revised and enlarged and published as 
one of "Six Monographs on Wind Stresses/ 7 1915. It has been 
presented at different times since then, the latest from which the 
figures and part of the text are taken being "Wind Stresses in 
Many-Storied Buildings/ 7 22 

20 Engineering Record, Vol. LVIII, p. 272, September 6, 1908. 

21 Engineering News, Vol. 69, p. 492, March 13, 1913. 

22 Engineering, Vol. CXXV, p. 625, May 25, 1928. 
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Mr. Wilson writes: 

If a beam of rectangular section is loaded as a cantilever with concen 
trated loads, it is possible by the theory of flexure to find the internal 
stresses at any point. If, however, rectangles are cut out of the beam 
between the loads, there will then be a different condition of stress. 
What was the horizontal shear of the beam will now be a shear at the 
point of the contraflexure of the floor girders, causing bending, and^as 
in the beam, the nearer the neutral axis the greater the shear. The ver 
tical shear in the beam would be taken up by the columns as a shear at 
the points of contraflexure and the amount of this shear taken by each 
column would, as in the beam, increase toward the neutral axis. The 
direct stresses of tension or compression in the beam would act on the 
columns as a direct load of either tension or compression, and as in the 
beam would decrease toward the neutral axis. 

Each intersection of column with floor girders would be held in equi 
librium by forces acting at the points of contraflexure; and to find all 
the forces acting around a joint at any floor the bending moments of the 
building at the points of contraflexure of the columns above and below 
the floor in question are found as will be explained later. 

It is assumed that if a beam of constant, symmetrical cross-section 
and homogenous material is fixed on both ends, and that if forces tend to 
move those ends from a position in the same straight line to a position 
to one side with the ends still parallel, reversed bending will occur with 
the point of contraflexure in the center of the unsupported span. And 
since this condition exists in all columns and floor girders it will be neces 
sary to find the shears at the points of contraflexure as well as the direct 
stresses in all the members. 

Figure 22 gives direct stresses, shears and moments in all mem 
bers of a three-aisle bent in a 12-story building as determined in 
accordance with the foregoing statement. It is assumed for the 
bent under consideration that all columns in any given story have 
the same sectional area. As the aisles are the same width, the 
neutral axis coincides with the center line of the building. The 
assumed wind loads are applied horizontally at the intersection of 
columns and girders. The windward columns receive direct tensile 
stress and the leeward columns receive direct compressive stress. 
(For the first-story columns it may be advisable to consider the 
point of contraflexure nearer the base than shown on the diagram, 
say at the third point, depending upon the degree of fixity given 
to the column by the end connections and by the direct stress.) 

The calculation of stresses and bending moments in members 
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FIG. 22. Method I Direct and Bending Stresses, Loads and Shears Given 

in Pounds. 

109,134 = bending moment of 109,134 foot-pounds. 
(61,638) ~ direct stress of 61,638 pounds. 
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about the ninth floor will be given in detail The total moment 
of the wind loads about the line of inflection of the ninth-story 
columns must equal the moment of the direct stresses in these 
columns about the neutral axis. Let 9Z be the direct stress in 
each of the ninth-story columns B and C, then 27X will be the 
direct stress in the ninth-story columns A and D. Hence we have 

(3000) (42) + (4200) (30) + (4200) (18) + (4200) (6) = 

(9X)(9) + (27X)(27) 



from which QX = 1960 and 27X = 5880. 

In the same way we have for the eighth-story columns: 

(3000) (54) + (4200) (42 + 30 + 18 + 6) = 

(9X)(9) + (27Z)(27) 



from which 9Z = 3140 and 27X = 9420. 
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FIG. 23. Direct Stresses in Columns and Girders. Shear and Moment 

Diagrams. Ninth Floor Method I. 

Assuming pins at points of contraflexure arrows show direction pins would act on 
members. 

The total horizontal shear on any line across the building is 
the sum of the wind loads above that line. The shear taken by 
any column is proportional to the horizontal shear in that story. 
In Fig. 23 if X = shear of any eighth-story column at its point of 

i P\ Ann 
inflection, then ir ! n ^"X shear at point of inflection of the 
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ninth-story length of the same column, and 



4200 



X = increment 



19,800 
of shear taken by the column at the floor girder. 

The forces at the intersection of column A with the ninth- 
floor girder are shown in Fig. 24. The difference between 9420 
and 5880 3540 is taken up as a shear in the floor girder between 
columns A and B. The moments of the shears must hold the 




FIG. 24. Ninth Floor Joint Column A Method I. 

joint in equilibrium. Taking moments about the lower point of 
inflection, we have, 



i f\ (\ d. *? 

from which X = 2970, ^-X = 2340 and X = 630. The 

iy . o iy . o 

bending moment of the floor girder is (3540) (9) = 31,860 ft.-lb. 
The bending moment of the eighth-story column is (2970) (6) = 
17,820 ft.-lb. and of the ninth-story column is (2340) (6) = 14,040 
ft.-lb. The direct thrust on the floor girder is 4200 - 630 = 3570. 
Proceeding to the second joint as shown in Fig. 25. The 
difference between 3140 and 1960 = 1180 acts as a shear in the 
girder between columns B and (7. The shear of 3540 in the 
girder between A and B is continued and with the shear of 1180 
makes a total shear of 4720. The equation of moments is 
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from which X = 6930, 



= 5460 and 



= 1470. These 



19 . o 19. 

are the shears taken by column B to hold the joint in equilibrium. 
The bending moment M% of the girder from A to B at column B 
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FIG. 25.Nmth Floor Joint Column B Method I. 

is the same as at column A with an opposite sign; M$ of the girder 
from B to C is (4720) (9) = 42,480 ft.-lb. The bending moment 
of the eighth-story column is (6930) (6) = 41,580 ft.4b. and that 
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FIG. 26. Ninth Floor Joint Column O-Method I. 



of the ninth-story column is (5460) (6) = 32,760 ft.-lb. The direct 
thrust on the girder is 3570 - 1470 = 2100. 

At the third joint, Fig. 26, the shear taken by the girder 
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between C and D is 4720 (3140 1960) = 3540. From the 
equation of moments 



from which X = 6930, 



(3540) (9) 



= 5460, 



As ex- 



/I 



X 



630 



, . 

19 . o 19 . 8 

pected, the moments in column C are numerically equal to those 
in column B, and the girder moments M = M% and Ms = M^. 
The compression in the floor girder between C and D is 2100 
1470 = 630. 

At the fourth joint, Fig. 27, we have the same equation as at 
the first joint, and hence the same 
numerical values for moments 
and shears. 

If aisles are of unequal width, 
the neutral axis is first located. 
Direct stresses are then deter 
mined and with these the shears 
and bending moments in columns 
and girders are obtained. 

The designer will find short 
cuts and ways of checking his 
work. A relationship between 
columns is easily established. In 
Fig. 22 it is observed that shear 
and bending moments of interior 
columns are 2| times that of exterior columns. Of course the sum 
of the moments of the floor girders at any joint is equal to the sum 
of the column moments about that joint. 

As mentioned, the writer bases Method I upon an article, 
" Windbracing with Kneebraces or Gusset-plates/' by A. C. Wilson 
in Engineering Record. 2 * Figure 28 and the accompanying text 
are from this article. 

Having found all the internal stresses in the bent, the influence of 
each rectangle on the stresses of the columns and girders enclosing it can 
now be observed. Figure 28 shows the upper floors of a bent inalO-story 
building. All the total stresses are shown and also how the total is made 
up from the adjacent rectangle and from the forces above. 

23 Vol. LVIII, p. 272, September 6, 1908. 
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Take, for instance, the rectangle between the ninth and tenth floors 
and columns 2 and 3. The direct stress in column 2 above the point 
of contraflexure is made up of 564 Ib. from above and 845 from the 
rectangle on the left, to which are added +796 from above and +1193 
from the rectangle on the right. Below the point of contraflexure the 
sum of the stresses is +928. The total shear in column 2 is 1898 Ib., 
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FIG. 28. Method I Wind Stresses in Kneebraces. 



704 coming from the left and 1194 from the right. The direct stress in 
the girder at the tenth floor between columns 2 and 3 is 2265. The 
total shear in this girder is 1591 Ib., 398 of which comes from the rectangle 
above and 1193 from the rectangle below. Likewise with all other col 
umns and girders, as shown. 

The stress in the brace is found from either the shear in the 
girder or the shear in the column, The brace within a rectangle is 
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affected only by the shears coming on the column or girder from that 
rectangle. For example, the stress in the brace In the lower right-hand 
Intersection of column 3 and the tenth floor Is affected only by the shears 
945 in the girder and 1102 in the column. Either of these shears multi 
plied by the distance from the point of contraflexure to the intersection 
of the column and girder, divided by the depth of the brace; and the 
whole multiplied by the cosecant of the angle the brace makes with the 
member, column or girder, equals the ^ 

stress in the brace. 

If, as in Fig. 29, a perpendicular ab 
is dropped from the intersection of the 
column and girder to the brace, it will 
equal ac -r- cosec 6 or ad -f- sec 6, so that 
the formula for the stress in the brace 
may be stated as equal to the shear in 
column or girder due to rectangle times 
the distance from point of contraflexure 
to intersection of column and girder, 
divided by perpendicular from intersec- FIG. 29. 

tion of column and girder to brace. 

Every brace below the floor and on the leeward side of the column 
will be in tension, and above the floor on the same side in compression. 
Every brace below the floor on the windward side of the column will be 
in compression, and above the floor on the same side in tension. 

Approximate Method II The Portal Method. For lack of a 

better name this method will be called the Portal Method. 24 The 
assumptions on. which it is based are : 

1. A bent of a frame acts as a series of independent portals. 

2. The point of contraflexure of each column is at mid-height 
of the story. 

3. The point of contraflexure of each girder is at its mid-length. 

4. The horizontal shear on any plane is divided equally between 
the number of aisles. An outer column thus takes but one-half 
of the shear of an interior column. 

5. The wind load is resisted entirely by the steel frame. 

The wind stresses, shears and bending moments of a transverse 
bent of a 12-story building are given in Fig. 30. 

24 The author presented this method along with others in Ms "Six Mono 
graphs on Wind Stresses/ 7 1915. Figures 30 and 32 and part of the text are 
taken from "Wind Stresses in Many-Storied Buildings," Engineering, Vol. 
CXXV, p. 625, May 25, 1928. 
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FIG. 30. Method II Direct and Bending Stresses, Loads and Shears Given 
in Thousands of Pounds. 

121.1 = bending moment of 121,100 foot-pounds. 
(68.48) = direct stress of 68,480 pounds. 
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For a 25-story building of same width and same loading the 
wind stresses, shears and bending moments in the lower five 
stories are given in Fig. 31. It is seldom that a building or the 
tower portion of a building 300 ft. high is less than 54 ft. wide. 
The stresses and moments for the same loading will not be greater 
for a building 650 ft. high with a width of 108 ft. 
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FIG. 31. Method II Direct and Bending Stresses, Loads and Shears Given 

in Thousands of Pounds. 
238.0 = bending moment of 238,000 foot-pounds. 
(320.2) = direct stress of 320,000 pounds. 

For equal transverse spacing of columns the direct or vertical 
axial stress due to the overturning moment of the wind is taken 
by the outside columns. Considering in detail the ninth floor, 
we have in Fig. 32 the direct stresses and shears in the columns. 

The shear in each girder is 10,466 6533 = 3933. The bend 
ing moment in each girder is therefore (3933) (9) = 35,400 ft.-lb. 
Equations for bending moments for the girders of the ninth floor 
may also be written: 

Mi = (2600) (6) + (3300)(6) = + 35,400 

M 2 = (2600 + 3300) (6) - (10,460 - 6530) (138) = - 35,400 
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Ms = (2600 + 3300 + 5200 + 6600) (6) 

- (10,460 - 6530) (18) = + 35,400 



= (2600 + 3300 + 5200 + 6600) (6) 

- (10,460 - 6530) (36) = - 35,400 



M& = (2600 + 3300) (6) + 2(5200 + 6600) (6) 

- (10,460 - 6530) (36) = + 35,400 

M 6 = (2600 + 3300) (6) + 2(5200 + 6600) (6) 

- (10,460 - 6530) (54) = - 35,400 




Col. A Col. 6 ColC Col.D 

FIG. 32. Direct Stresses in Columns and Girders, Shear and Moment Dia 
grams, Ninth Floor, Method II. 

The bending moments in columns are the shears given at points 
of contraflexure multiplied by one-half the story heights. The 
direct compression stresses in the ninth-floor girders are: from 
A to B, 4200 - 700 - 3500; B to (7, 3500 - 1400 2100; C to 
D, 2100 - 1400 - 700. 

The simplicity of the calculations and the checks thereon of 
Method II are seen at once. The bending moments in girders of 
the same floor are the same and equal to the sum of the outer 
columns above and below the girder. Their value is not affected 
by the width of the aisle. The bending in an outer column in any 
story equals the total shear in that story multiplied by the story 
height and the product divided by four times the number of aisles. 
The bending moment in an interior column equals twice that in an 
outer colunm, 
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David C. Coyle, of the Gunvald Aus Company, Consulting 
Engineers, previously quoted, after reading the foregoing para 
graphs writes of Method II : 

The explanation of this method is necessarily more complicated than 
its application in practice. If instead of computing the shears by floors 
the imposed shear is computed by stories, it is easily shown that the 
total shear down to the ninth floor, multiplied by the average story height 
above and below this floor gives the total of girder moments in the floor. 
The computations therefore take the following simple form: 



Floor 


Increment 


Total 


Total 


Number of 


Moment per 


No. 




Increment 


Moment 


Connections 


Connection 


10 


4.2 


13.5 


162.0 


6 


27.0 


9 


4.2 


17.7 


212.4 


6 


35.4 


8 


4.2 


21.9 


264.0 


6 


44.0 



These moments are the same as those given in the text. No diagram is 
necessary. 

Figure 33 is taken from Molitor's paper (Proceedings Am. Soc. 
C. E.) previously mentioned. It shows clearly the relation of 
bending moments and shears. It is observed that the width of 
the middle aisle V is a different width than that of the side aisles. 
The width of the aisle does not affect the bending moment of the 
girder because the vertical wind shears in any horizontal tier of 
beams are inversely proportional to the length of the individual 
spans upon which they may be exerted. With unequal width of 
aisles and unequal vertical shears the interior columns take direct 
stress. Thus, in Fig. 33 the direct stresses in the interior columns 
are 

Vj. - Vi', [(V, - F!') + (F a - F a ')l, . . . 

Each bent, both longitudinally and transversely, should be 
designed as a unit wherever practicable to do so. With irregular 
spacing of columns this cannot always be done. In any case the 
building should be of uniform strength to avoid a tendency to 
twist. In a building stiffer at one end than at the other the stiffer 
end will not help the weaker end with wind blowing in a direction 
normal to the longer side of the building. An illustration is where 
a building is wider at one end than at the other. 
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Wall columns are sometimes turned as in Fig. 34. Though 
not often advisable, a lateral adjustment of spandrels is allowed 
and an ease in erection is obtained greater than if turned with web 
at right angles to the building line. For wall columns with rela- 




CD 

FIG. 33. -Wind Stresses in Building Frames (Molitor). 

tively small moments of inertia or turned as shown in Fig. 34, 
Method II is well adapted. 

Choice of Methods. Each of the foregoing approximate 
methods has its advocates. Method I, the Cantilever Method, is 



A B C D 

FIG. 34. Cross Section of Columns in Transverse Bent. 

probably more in accordance with the theoretical distribution of 
shears. Method II, the Portal Method, is simpler and duplicates 
connections. For this reason it is the more used. The writer 
twelve or fifteen years ago for a 20-story building used Method I 
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while four or five years ago for another 20-story building in the 
same city he used Method II. Of recent buildings the Portal 
Method was used in determining wind stresses in the Lincoln 
Building, New York City (see Chapter IX), 700 ft. high with 
offices on the 53d floor. The Cantilever Method was used in the 
450-ft. Foshay Tower, 25 Minneapolis, 33 stories, 89 X 87 ft. at 
the base with sides sloping like the Washington Monument. 
It is also used in a 67-story building now being designed. The 
columns are spaced regularly both longitudinally and transversely. 
(Where so spaced the writer gives preference to the Cantilever 
Method.) Incidentally, Method I is followed by the Bethlehem 
Steel Company Handbook in its formula for determining wind 
stresses in tall buildings, and Method II is followed by Professor 
Ketchum in his "Steel Mill Buildings." As the two methods give 
different stresses in the same member it has been inferred that one 
of them must be in error, but to quote Professor Burr, "So long as 
the stresses found by one legitimate method of analysis are pro 
vided for, the stability of the structure is assured." 

The writer has purposely assumed aisles of equal width, think 
ing it better to present simple rather than complicated cases. 
The engineer in any case is obliged to understand the simple and 
it is easier for him to proceed from the simple to the complex than 
to unravel the simple from the complex. 

A pertinent question often asked is to how many stories in 
height these methods can be applied. Reference has just been 
made to one building of 33 stories and to another of 53 in which 
they have been used. A rectangular building of 35 or 40 stories 
with fairly regular typical bays can be proportioned by either 
method. It is always well to give tall buildings of 35 stories and 
more considerable thought before deciding on the method of wind 
analysis to follow. Buildings like the Woolworth and many of 
the monumental structures now being built or planned are in a 
class by themselves and require special study. 

It is not necessary to hold to one system throughout. Advan 
tage can be taken of spaces between and around elevators to 
introduce one of the earlier types. Vertical sway bracing can 
sometimes be used. Advantage can also be taken of permanent 
partitions and exterior walls where openings do not interfere by 

25 "The 450-ft. Foshay Tower at Minneapolis." Engineering News-Record, 
Vol. 102, p. 372, March 7, 1929. 
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using the kneebrace type. The outer walls will often permit 
bracing that is prohibitive in the interior of the building. Such 
was the case with the Metropolitan Tower, 700 ft. high and about 
75 X 85 ft. through the lower stories, in which building the steel 
work was designed for a wind pressure of 30 Ib. per sq. ft. In 
general, the bracing consists of plate girders in the walls at each 
story level with kneebraces and gussets for the joints. 

Cases Where Typical Methods Bo Not Apply. In many build 
ings unsymmetrical spacing of columns make the foregoing methods 
of determining wind stresses more or less inapplicable. Assembly 
rooms in office buildings and ballrooms in hotels require columns 
to be broken in continuity. Arcades are often two stories in 
height. Banking rooms are often required with high ceilings and 
no interior columns. The set-back features of modern tall build 
ings and the tower portions of buildings of great height introduce 
new problems. No general rule or rules can be given for their 
solution. Special study must be given to each question as it 
arises. Some engineers assume the wind shear at the base of the 
tower portion of a building to be distributed over the increased 
area of the floor below. The writer prefers to increase by gradual 
steps until the third floor from the base of the tower is reached. 

A common case of irregularity of column spacing is found in 
tall apartment houses. In a recent 19-story structure of this 
kind with 63 columns but 25 were continuous from top to bottom. 
In another house of 16 stories only 6 of the 38 columns run from 
roof to footings without offsets. In a preliminary sketch of another 
structure of 16 stories only one of the 72 columns was fully con 
tinuous. Although this will be changed it is hard to see how with 
the architectural features and the arrangement of rooms one-third 
of the columns can be made continuous. It may be observed that 
tall apartment houses usually extend over large areas and have 
endless corridor and partition walls (though of light construction), 
both of which tend to lessen deflection from wind forces. 

After the Florida hurricane it was found that the floor con 
struction of high buildings was little damaged. Concrete floors, 
even when made of cinder concrete, showed few cracks. "The 
effects of the Florida hurricane indicated that the floor system 
acted as a stiff plate or horizontal girder and that all columns 
were subject to the same horizontal deflection, except that the 
entire structure twisted, where one end of the building was stiffer 
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than the other. 7 ' 26 One engineer who has had large experience 
in the design of tall buildings divides the horizontal shear of a 
story among columns in proportion to their moments of inertia. 
With the short time usually allowed an engineer for designing 
the steel frame of an ordinary high building this is the assumption 
he is often obliged to make. Proportioning columns according 
to their moments of inertia is usually assumed to be absolutely 
correct or nearly so. This may not always be the case. The 
stresses are dependent upon the moments of inertia of the girders 
as well as of the columns. Also, it was noted in the Report 
mentioned that even though the floor slab held the ends of the 
columns so that the distance between them remained practically 
unchanged the building twisted. This was due to the fact that 
the center of pressure was eccentric with the center of resistance, 
thus disproving the statement that all columns will deflect the 
same amount. Where there is eccentricity of pressure the column 
farthest away from the center of rotation will deflect most. This 
can be avoided by dividing the building into sections and propor 
tioning the total shear in each section according to the moments 
of inertia of the columns therein. 

HI. UNIT OR WORKING STRESSES 

Because wind loads are intermittent and seldom reach their 
maximum, greater working stresses are permissible for them than 
for live and dead loads. This is recognized generally by engineers 
and has found a place in most building codes. In the New York 
City Code where at present (1929) a working stress of 16,000 Ib. 
per sq. in. is specified for tension in rolled steel, an excess oi: 
50 per cent of stresses prescribed elsewhere in the code is allowed 
for combined wind, dead and live loads, provided that the sections 
thus found are not less than those required by the dead and live 
loads alone. In Chicago where 18,000 Ib. is the basic unit stress 
for tension an excess of 33| per cent is allowed for combined stress, 
thus permitting in both New York and Chicago a working stress of 
24,000 Ib. tension for combined loads. This same unit stress 
is followed in the code recommended by the National Board of 

26 Final Report of the Committee of the Structural Division on, Florida 
Hurricane. Proceedings American Society of Civil Engineers, Vol. 54, p. 1757, 
August, 1928. 
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Fire Underwriters. The " Recommended Building Code Require 
ments for Working Stresses in Building Materials/ 7 1926, of the 
U. S. Bureau of Standards, favor an increase of 25 per cent based 
on 18,000 Ib. in tension. The codes of other cities occasionally 
vary in their requirements from those of New York and Chicago. 

The "Standard Specification" of the American Institute of 
Steel Construction is being rapidly adopted by municipalities in 
the United States and embodied in their building codes. The 
basic stress for rolled steel on net section is 18,000 Ib. per sq. in. 
"For combined stresses due to wind and other loads, the per 
missible working stresses may be increased 33| per cent, provided 
the section thus found is not less than that required by the dead 
and live loads." 

The writer recommends the following units, in pounds per 
square inch, for stresses due to wind loads combined with live 
and dead loads, or for members taking wind stress alone: 

Tension, rolled steel net section 24,000 

Compression in columns, gross section (with a maximum 

of 20,000) 24,000-100Z/r 

Shear on gross area of webs of beams and girders where 

height between flanges is not more than 60 times the 

thickness of web (or where webs have stiffeners) lft,000 

Shear on gross area of web when h/t exceeds 60 (without 

stiffeners) 20,000-70 A/ 

Shear in power-driven rivets 18,000 

Shear in hand-driven rivets, or in rough bolts 13,500 

Bearing upon power-driven rivets 32,000 

Bearing upon hand-driven rivets or on rough bolts 27,000 

Rivets in direct axial tension 16,000 

The foregoing units should not be followed where they give 
sections less than those obtained if wind loads were neglected and 
members proportioned in accordance with specified stresses for 
dead and live loads. An exception may be taken by some 
engineers to the value of 16,000 assigned to rivets in tension. 
The writer several years ago made a study and read all that he 
could find on the subject, which was very little. Textbooks and 
specifications universally either prohibited the use of rivets in ten 
sion or ignored the subject. In view of this he assigned in his 
specifications 27 a value of 7000 Ib. per sq. in. which he regarded 

27 Chapter XXX, KIdder-Nolan "Architects' and Builders' Handbook," 
17th Edition, 1921. 
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as conservative. Since that time more attention has been given 
to the subject. The standard specifications for highway bridges 
adopted by the U. S. Department of Agriculture allows a tension 
value of 50 per cent of the shear value; those issued by the Port 
of New York Authority for use in construction of the Hudson 
River Bridge allow 40 per cent of the value in shear, and the 
specifications issued by the American Association of State High 
way Officials allow 50 per cent of the value in shear. It is evident 
to any engineer acquainted with the bending moments found in 
many modern skyscrapers that it is impracticable to design details 
using such low unit stresses. The Standard Specification for Steel 
Structures for Buildings of the Canadian Engineering Standards 
Association allows 16,000 lb. per sq. in. axial tension net on section 
for rolled steel and 10,000 lb. axial tension on rivets. The Standard 
Specification for Structural Steel for Buildings of the American 
Institute of Steel Construction, Inc., as Revised November 1, 1929, 
allows a tensile stress of 18,000 lb. on net section of rolled steel 
and 13,500 lb. on the area of the nominal diameter of rivets. 
Professor C. R. Young in a paper, "Tensile Working Stress of 
Rivets/ 7 28 read before the 1927 annual convention of the American 
Institute of Steel Construction, Inc., presents as the results of a 
series of careful tests the formula 

p = 21,000 - SOOOd - 5500 Ve 

in which p = permissible tensile stress on the rivet, d = diameter 
of rivet in inches before driving and e = eccentricity of loading 
on the rivet in inches. In a later paper, " Permissible Stresses on 
Rivets in Tension," by Professor Young and W. B. Dunbar, 29 as 
the results of tests combining shear with tension the following 
tentative formula is suggested (based on a factor of safety of 4 on 
the minimum values obtained in the tests reported) : 



2k = 21,000 - 8,000d - 6,750 = 



28 An abstract of this paper is given in Engineering News-Record, Vol. 100, 
p. 188, Feb. 2, 1928. 

29 Bulletin No. 8, 1928, Section No. 16, School of Engineering Research, 
University of Toronto. 
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in which p t = permissible tensile stress in pounds per square inch 

of rivet before driving; 
T f = total tension on rivet due to all causes; 
V = total shear on rivet due to all causes; 
d = diameter of rivet in inches before driving. 

The author in rewriting his former specifications is using 18,000 
Ib. in place of 16,000 Ib. tensile stress, net section, for rolled steel, 
and 12,000 Ib. axial tensile stress in place of 7,000 Ib. for rivets. 
He now uses 16,000 Ib. for maximum direct axial tension in rivets 
from wind loads. In using this value he assumes that design and 
workmanship will conform to the best modern practice. 



CHAPTER VII 

WIND STRESSES IN MANY-STORIED 
BUILDINGS Conclusion 

From a theoretical standpoint the subject of wind bracing in 
many-storied buildings is in an unsatisfactory shape. Yet, as 
stated in Chapter VI, there are nearly 5000 buildings of 10 stories 
or more in the United States. Hardly a single failure or collapse 
among them is recorded. This does not mean, however, that the 
wind bracing used in their design is the best that can be followed 
in future buildings. There may have been a waste of material 
in their construction or they may never have been subjected to 
the wind pressure for which they should have been designed. 
The latter is the more probable. No very great wind has struck 
New York or Chicago during the life of its present buildings, to 
say nothing of the isolated tall buildings in small cities. Buildings 
are ever being constructed to new heights. Those of 500-ft. height 
are not unknown and structures of 600, 700, 800 ft., though 
unusual, are now being built. As the height is increased, unless 
there is a corresponding increase in horizontal area the wind 
forces become more and more dominating factors in design. This 
raises the question whether present methods of analyses shall be 
applied to these new skypiercers. Further study is needed. 

The Florida hurricane of September 17 and 18, 1926, as might 
be expected, gave a new impetus to the study of wind stresses 
and wind bracing. A committee was appointed from the Struc 
tural Division of the American Society of Civil Engineers to study 
the stru:tural effects of the Florida hurricane and develop any 
engineering conclusions that might be warranted thereby. A 
preliminary report under date of January 20, 1927, was made by 
the chairman of this committee from which the following is 
quoted : 

Summarizing, the fields that this Committee might well cover are 
the following: 

123 
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1. A determination of the wind pressure exerted by the storm. 

2. A standard method for figuring wind stresses in tier building con 
struction. 

3. Standard details best able to resist wind stresses both from the 
standard of stiffness as well as that of strength. 

4. A study to determine whether the same requirements for wind 
should be used for high buildings having a low ratio of height to width 
as for buildings having a high ratio. 

5. The strength of masonry walls and the bearing they have on wind 
bracing. 

It is obvious that the fields mentioned cover the essence of 
wind bracing. It is on these points that more light is needed. 
If the questions raised by the five items were answered the problem 
of wind bracing in high buildings would be largely solved. 

The Final Report of the Committee is found in the August 1928 
issue of -the Proceedings of the American Society of Civil Engineers. 
Though valuable in other respects (see quotations in Chapter VIII) 
it is disappointing as far as conclusions regarding the five items 
mentioned are concerned. 

As to item 1: "The Committee feels that, unfortunately, a 
strict determination of the wind pressure cannot be made." 

As to item 2: "The results of the storm showed that for build 
ings of the size and shape found in Miami, the common theory as 
given in Fleming's Manual on Wind Bracing l will produce struc 
tures capable of standing up under the most severe conditions. 
The failures were caused by neglecting to apply the theory con 
sistently. On the other hand, buildings so designed will not 
necessarily be sufficiently stiff to give the tenants confidence in 
their safety." 

As to item 3, we are told that although details have been well 
standardized by a few of the leading consulting engineers it is 
deemed inadvisable to release such information until item 2 is 
solved. 

To item 4 the same course of reasoning is applied as to item 3. 

As to item 5, we are told that to give any really valuable infor 
mation numerous tests would have to be made. 

The structural engineer will obtain little help from these find 
ings in designing wind bracing for a many-storied building. 

1 "Six Monographs on Wind Stresses" is meant. It has long been out 
of print. 
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The matter of stiffness is at present quite indeterminate. 
Strength can be determined but stiffness is not a matter of exact 
mathematical analysis, or, if so, it is too abstruse to be used. To 
add to the difficulty of arriving at conclusions owners of tall build 
ings, especially those very tall, are not friendly to observations for 
vibration being taken. In most cases they refuse permission. 
This is unfortunate. 

The difficulty, as well as the importance, of the problem of vibrations 
in buildings is fully recognized. The complexity of structure with 
resulting complexity of mass distribution and the unknown resultant 
elastic constants make a purely mathematical solution, for any given 
case, practically impossible. It is to be expected that the solution will 
come from the empirical rather than from the purely mathematical side. 
When the accumulative data, covering a large number of buildings and 
conditions, shall have become great enough, it is to be hoped that gener 
alization will be possible, and that definite conclusions and relations may 
be deduced so as to make it possible to predict with accuracy the period 
of vibration of a given building and the amplitude of that vibration under 
the action of a given disturbing force. 2 

Deflections can be calculated for assumed loadings, but as has 
been shown the walls and the fireproofing if of concrete enter 
largely into preventing undue deflection. To what extent wall 
participation should be recognized has not been solved. Probably 
with the varying relations of walls to the steel frame no general 
solution can be made. The importance of stiff walls perhaps has 
not been sufficiently emphasized. It may not be as advisable as 
is often thought to lessen the dead load by light and fragile material 
for the walls. Some rigidity is sacrificed in doing so. 

Can shear distribution among the columns be reduced to a fixed 
practice? Do partition walls contribute measurable resistance or stiff 
ness? Is the bending of wall columns similar to that of interior columns? 
May truss spans and double story heights be treated in the same way as 
normal construction? Is the relative action of girders and columns in 
the lower stories of high buildings, where massive column sections occur, 
the same as in upper stories? Are the accepted connection details suffi 
ciently stiff to cause the frame panel to act as a rigidity connected rect 
angle? 

2 "Vibration of Buildings Due to Street Traffic," by E. E. Hall. Engineer 
ing News, Vol. 68, p. 198, August 1, 1912, 



126 WIND STRESSES IN MANY-STORIED BUILDINGS 

These are among the pertinent questions asked in an editorial, 
"Wind and Tall Building Frames," in Engineering News-Record* 
As the editor says, "a comprehensive study of wind-resistance is 
first on the list of current structural problems." 

An English engineer after a sojourn in the United States and 
Canada writes: 

With the tall buildings in the United States ever growing higher and 
higher (it is the accepted opinion in New York building circles that build 
ings will reach 100 stories before long) wind pressure is fast becoming 
the dominant factor in the design. ... It is recognized that a compre 
hensive study of wind resistance is first on the list of structural prob 
lems: What pressure per square foot should be taken? What is the 
correct shear distribution among the columns? Do partition walls and 
external walls help in resistance? Are the accepted connections detailed 
stiff enough? These and many other vexed questions will have to be 
settled before we can say the treatment of wind reaches finality. 4 

A greater range of recorded wind velocity is wanted. Thus 
far anemometers have broken down or have been in such sheltered 
positions that they did not fairly represent the prevailing velocity 
during an unusually severe storm. And it is for just such storms 
that data are needed. Data are not expected for a tornado. A 
larger number of anemometers should be installed. Important 
communities like New York City should have eight or ten within 
a radius of thirty miles. They should be in exposed positions 
so as to record maximum velocities and serve to check each other. 
The Weather Bureau recognizes the situation: 

The modem skyscraper is our most serious problem. The federal 
buildings in which the Weather Bureau has office rent free are frequently 
overtopped by nearby higher buildings. To remove any considerable 
number of these offices to the higher buildings would require rental costs 
beyond the resources of the Bureau and at the same time would involve 
complications in measuring the rainfall. 5 

The meteorologist and the structural engineer should have 
closer relations with each other. The confusion in anemometer 

3 Vol. 102, p. 776, May 16, 1929. 

4 "Some American Comparisons," by G. S. Bowers. The Structural 
Engineer (London), October, 1929. 

6 C. F. Marvin, Chief of Weather Bureau, quoted in Engineering News- 
Record, Vol. 97, p. "948, December 9, 1926, 
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records, the scarcity of recorded gust velocities especially of those 
during high winds, and of velocities during the most severe winds, 
a lack of agreement as to the relation between pressure and 
velocity, all tend to throw the engineer upon his own resources. 
The ideal way would be for the engineer to obtain from the 
meteorologist the maximum velocity a proposed building should 
be able to withstand and how often that velocity would be expected 
to occur. On the other hand, but few engineers feel the need of a 
knowledge of meteorology with the inclusive knowledge of wind 
action brought by its study. A demand sometimes voiced that 
pressures instead of velocities should be recorded is based upon 
not knowing that to do so is impracticable. 

More publicity regarding actual practice is needed. A score 
of buildings could be mentioned in which the way the wind forces 
were handled would be of widespread interest and would be of 
assistance to engineers in general. Furthering engineering knowl 
edge on this subject would be a public service. Too many 
designers of important buildings are loath to give out their calcu 
lations or methods of designing for wind stresses; some absolutely 
refuse. The designer may regard his knowledge as his stock in 
trade. A greater reason for not giving out information may be 
his desire to avoid criticism. His interpretation of the building 
code would often be a target. The details he uses to meet large 
bending moments would be another. A defense he might offer 
is that to design wind bracing throughout for certain buildings 
in accordance with the interpretation that some might put upon 
the building code of the city in which they are located is well-nigh 
impracticable. This is not true of all codes but it is of many. 
Notwithstanding, the engineer makes a mistake in a policy of 
silence. The publicity he dreads would tend to a revision of the 
code that would make it more rational. Moreover, "No engineer 
ing method that cannot stand the light of day is adequate for 
assured public safety." 

Again, the reports of observations made after a severe storm 
should be reliable. Of the reports of the Florida hurricane many 
are partisan, they magnify the merits of a certain kind of con 
struction and give undue proportion to the failings of others. 

Again, as has been previously stated, building codes should 
say what they mean and mean what they say. They should 
specify the wind pressure to be carried by the steel frame and 



128 WIND STRESSES IN MANY-STORIED BUILDINGS 

not leave so important a matter to the judgment of the individual 
designer. Whatever exemptions from the specified pressure are 
allowable should be clearly stated in the code, 

Once more, any proposed method of calculating wind stresses 
in high buildings should be such that it can be used by those 
engaged in the design of such structures, In this connection a 
sentence from Professor Tracy of Yale is worth quoting: "A 
result cannot be more accurate than the data from which it is 
obtained/ 76 

"Stresses Statically Determined," 1929, p. 87, - 



CHAPTER VIII 

THE DESIGN OF DETAILS FOR WIND BRACING IN TALL 

BUILDINGS 

The details for wind bracing in tall buildings play such an 
important part in resisting wind forces that a chapter will be given 
to them although the matter of design has hitherto been purposely 
omitted. It is evident that if the total horizontal shear at a floor 
level were correctly allocated the bending moments in both col 
umns and girders could be readily obtained (or fairly readily) and 
the problem would be reduced to properly detailing their connec 
tions. Both strength and stiffness should be considered. The 
former yields to mathematical analysis, for the latter the detailer 
must rely upon his judgment and experience or, if these are too 
limited, upon the judgment and experience of others. The stiff 
ness of a steel frame depends largely upon its connections, hence 
the solution of the problem of stiffness belongs to the detailer as 
well as to the designer of the structure. 

As introductory to the subject of the chapter an article from 
Engineering News-Record, Vol. 99, p. 396, issue of September 8, 
1927, will be quoted entire: 

DETAILS FOR WIND CONNECTIONS IN TIER BUILDINGS 

By WALTER H. WEISKOPF 

Weiskopf and Pickworth, Consulting Engineers, New York City 
In pulling a bucket of water up from a well it is as important to have 
one end of the rope securely tied to the bucket as it is to have a good 
rope. Similarly, in a wind-braced building it is as important to have 
columns and girders well connected, as it is to have them properly 
designed. Yet almost nothing has been written on wind-bracing details. 
The detail is often a crucial point and governs many design features. 
In this article some of the best details in common use will be discussed. 
The theoretically perfect detail, then, is strong and cheap, and 
encroaches as little as possible on the architectural clearances. The 
value of a practical detail depends on how nearly it approaches these 
requirements. 

Simple Beam Connections. The simplest connection is of course 
the common framing angle (type A in Fig. 35). This is inexpensive and 

129 



130 THE DESIGN OF DETAILS FOR WIND'* BRACING 







ocor-cooeot-coocsi 



ooooooooooooo 

OOi-iC^CO^WScOJXXlOO 



> OO 00 O3 O t-i TH TH C<J 



OOOOOOOIOOOOW3OO 
iOO<Ob-O*OOWUDO"iOt^OO 



CO b- O 1> CO K O t- OO l> O t- CO t> 



922trtrOOOpb.t^oop 



OiOXOOiac 



I 





rT r5 

fl ^-^ 



d o 
.2 



3 



fl 
d 



5 



4, 
^ 



5 

6 

s 



DETAILS FOR WIND CONNECTIONS IN TIER BUILDINGS 131 



occupies little room, but it has little rigidity. Next in order of strength 
is the top-and-seat-angle connection (types B, C, and D), and the com 
bination of framing angles with top and seat-angles (types E and G). 
These details encroach but little on the architectural clearances of a 
building, and are satisfactory where wind moments are small enough. 

Each of them depends on the strength of rivets to resist tension; a 
pull on the rivet head. The critical feature is the riveting between the 
column and the outstanding legs of the angle. Sufficient rivets can 
always be placed in the beam flanges by extending the connection hori 
zontally (if necessary, cut channels instead of angles can be used for 
seat and top connections). 

Rivet 
Value 




FIG. 37. FIG. 38. 

FIGS. 36 to 38.- Stiffness of Angles and Column Webs. 

The thickness of the angles in relation to the gage and size of rivets 
should be studied. It can be approximately analyzed as follows. 
Referring to Fig. 36, the bending moment per inch of angle is 

= r(g - t) 

2f 
and the required thickness is 



t = 



- t) 



where k is the allowable extreme fiber stress. It should be noticed that 
increasing the allowable unit stresses for wind, as is usually done, does 
not affect this equation, since both the rivet value r and the bending 
stress k are increased proportionately. 

The following gages and thicknesses of angles have been found to be 
satisfactory for usual cases: 

Rivet size, in i 1 1 

Gage If 2 2 

Thickness of angle i I i 
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Similar analysis should be applied to the framing angles in types A, 
E and G. But it frequently happens that the gages in the column must 
be so large that small gages in the framing angles cannot be maintained. 
For this case the section moduli for type A should be reduced, and those 
for types E and G reduced, or replaced by the section moduli of types 
B and D. It is common practice to provide framing angles for the ver 
tical load and not count them as part of the wind bracing. 

Heavy Beam Connections. Types H to P (Fig. 35) are modifications 
of the top-and-seat-angle detail in which greater strength is obtained by 
using an I-beam from which one flange has been cut. The encroachment 
on the architecture is slight. The required flange thickness can be 
determined as in the previous cases. It has been found that for 1-in. 
rivets the flanges in types i, N and P must be li% in. thick. The only 
rolled sections suitable are consequently the Carnegie 30-in. CB at 240 
lb., or the Bethlehem 30-in. BG at 200 Ib. A 14-in. Bethlehem column 
with plates added to fasten its web to the beam flange could also be used. 

In Fig. 35 section moduli for types A to P are given. In general 
these details are not equal in strength to the beams which they connect. 
With usual unit stresses and 1-in. rivets, except for shallow beams, type 
P is the only detail that develops a moment equal to that of the lightest- 
weight I-beams; for the 30-in. beam even type P is shy. 

Frequently, because of architectural conditions, a beam must frame 
eccentrically into a column instead of on the center line as shown in the 
figures. This obviously weakens the rivet group. In types H to P, 
moreover, the web of the I-beam is likely to block the driving of two or 
more rivets. Such cases need special study. 

Engineers and architects too commonly believe that so long as the 
members are properly designed their exact position is immaterial, since 
some sort of a satisfactory detail can always be patched together. 
Actually, however, a slight change in a beam location, which does not 
appreciably affect the architecture, often greatly improves the detail. 
Among the factors entering into the location of beams, the effect on the 
detail should be considered. 

Stiffening the Column Web. It is not the purpose of this article 
to discuss column design except in its relation to the wind connection. 
Provision, should always be made to resist the pull from the wind detail. 
In Fig. 37 a thin column web is obviously incapable of resisting the pull 
from the center rivet. This can be rectified by adding a stiffener oppo 
site the wind connection, Fig. 38. 

Occasionally the peculiar case of a heavy wind connection on a com 
paratively light column arises. The designer should satisfy himself 
that the column flange is thick enough to withstand the pull from the 
outside rivets. In plate-and-angle columns the web riveting should 
be investigated by considering the column as a plate girder, with the 
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forces from the wind connections as loads. Note that the connections 
on opposite faces of the column must be added, and do not counter 
balance each other. It is sometimes necessary to add reinforcing 
web plates at the wind connection to get additional value from the web 
rivets. These plates usually must be so long that it is economical to 
run them full length of the column and figure them as part of the column 
section. 

Bracket Connections. With type P the limit is reached in connect 
ing an I-beam to a column without the use of brackets. Brackets as 
shown in types R, S, and T (Fig. 39), are usually objectionable archi 
tecturally, but there are some places where they can be used to advan 
tage; for instance, where hidden in a partition, or between elevator 
shafts, or in the outside walls. Sometimes they must be used even at 
sacrifice of architectural features. 

Figure 39 gives section moduli for brackets. The thickness of con 
nection angles and gusset plate should of course be considered. For 
economy the gusset plate should be thick enough to put the rivets in 
double shear. For these details this thickness of plate will also be suf 
ficient for bending at the net section, along line D. 

For these brackets, from a theoretical standpoint, the stress on the 
extreme rivet of a group from the wind moment should be combined with 
that from the vertical load. This procedure should be followed if the 
vertical load is large. It is usually so small, however, that it does not 
affect the size of the group, and consequently can be neglected. 

Another type of bracket is type U (Fig. 40). This is stronger for the 
same size (or smaller for the same strength) than types R, S and T. 
Since it requires slotting of the cover plates and splicing of the web, and 
is more difficult to ship, it is also more expensive. The critical feature 
is the strength of the gusset plate along its net section, through the line of 
rivets, D. Fig. 6 also shows an alignment diagram giving the relation 
between the thickness of plate, the depth of plate, and the net section 
modulus. If any two of these are known, a straight line connecting them 
will intersect the axis of the third at its corresponding value. 

The gusset plate of course must have enough rivets to transfer its 
moment into the column angles. For type 7, the number of rivets 
between the gusset and each pair of flange angles is given by the expres 
sion M/cr, where M is the sum of the wind moments on the two sides of 
the column, r is the value of one rivet, and e is the effective depth of the 
rivet lines. To satisfy this requirement it is occasionally necessary to 
add clip angles as shown in type V (Fig. 40), thus securing additional rivet 
lines. It is sometimes wise to add reinforcing web plates the full depth 
of the connection instead of using small splice plates as shown, since then 
the group of rivets in the gusset plate can be figured according to its polar 
section modulus. 



134: THE DESIGN OF DETAILS FOR WIND BRACING 






cb 

r- 


i& 

o 

CO t>- 

I>- 


CO 

T3 


co 
r- 


N C* 
l>- 


a 

& 
o 

fl, 


1= 
r 


00 * 
<M b- 

co 


o 
& 


Gi 
O 


o 

55 CO 


*0 
S CO 


CD 

cb 


*o 

s g 


l 

|EH 


CO 

o 


xO 

N s 




-a o 
Hfe 


Ss 

cb 


o 

Tfl 

01 S 


.S 


Ss 

to 


o 

CO 

(M CO 


a> 
o 


cb 
to 


O} 

<N ^ 


S 
S 5 


CO 

tb 


iO 
S % 


'43 

CO 


b> 

to 


O 

(M ^O 

CO 


PM 

J2 

"S 


OS 

^f 


!>. 

S ^ 

CO 


& 

w 


cb 
^ 


co - 

i-H O5 
C4 


s-s 

O C 


CO 

^*l 


lO 

55 s 


(( g 

.SPM 


? 

^H 


i> 

CO 
^ S 


3 

t3 o? 

'S 


5 
O 

CO 


O 

S d 

w 


r=5 c 

fl 3 00 

_o o d 


o 

CO 


10 

3 t^ 


"g ^^ 

TO - 


CO 
CO 


CM 

2 


"i 


1= 

00 


S 


CD 


C5 

^ 


o 

l-< 

r-t rH 


4J> 

O 
!> 


SD 

N 


^ 
O t- 

r ~ l OS 


S 
rt 


CO 

04 


o S 

1>- 


2 ^ 
^ -s 


o 
c* 


00 8 

CO 


CD 5 

S3 .5 

"3 S 

K^. O 


O5 


^ 

TH 


as 


cb 


. . 

CO 


eJ a 



ID 


s 

c< 


-3 M 

T3 rt 

o -g 


*< 


Rivets in verti 
cal line, ap 
proximate . . . 
Section modu 
lus... 


Section M 
Rivet Spa 






DETAILS FOR WIND CONNECTIONS IN TIER BUILDINGS 135 



The architecture of a building occasionally permits the use of either 
diagonal members or angle kneebraces to withstand wind forces. The 
connections of diagonals to columns or girders are too special, and too 
infrequently used to be discussed here, while kneebrace connections 
are so common as not to require mention. 

Double Girder Connection. An excellent detail, first used to the 
writer's knowledge by S. C. Weiskopf on the Trinity Building, New 
York, in 1903, capable of carrying large moments without the objection- 
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FIG. 40. Inserted Bracket Connections. 

Alignment Diagram for Net Section Moduli of Gusset Plates along line D. 
Section Moduli in inches 2 X feet. Rivet spacing 3 in. 

Section Modulus times allowable fiber stress in thousands of pounds per square inch 
equals Resisting Moment in thousands of foot-pounds. 

able brackets, makes use of double channel-shaped plate girders. Two 
examples of this are types W and X, Fig. 41. Some of the variations of 
this scheme are the use of 15-in. structural or 18-in. shipbuilding chan 
nels, with or without flange plates; or, for larger moments, I-beams 
with the flanges blocked on one side (and if necessary compensated for by 
flange plates on the other side). 
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The strength of the connection can be determined by the polar sec 
tion modulus of the rivet group, which is seen to be large. The gages, 
thicknesses of connection angles, and column web riveting when plate 
and angle columns are used, should be investigated. Since the maxi 
mum moment from wind is at the column, the flange angles of the girders 
must be completely developed in the connection itself. This makes clip 
angles necessary even in type X, though not needed to connect to the 
column. 

If the wind bent consists of only three columns, the girders need not 
be spliced, but can run past the center column. Where a splice is neces 
sary, it can best be placed between columns. 



JL 





FIG. 41. Double-Girder Connections. 

One objectionable feature of this detail is the width of the haunch. 
Where suspended ceilings are used, this objection disappears, and where 
they are not, the wide haunch is less objectionable than the brackets 
which would have to be used under single beams carrying the same 
moment. 

The variations of wind connections to suit the preference of the indi 
vidual designer and the peculiar conditions of any building are almost 
endless. The details described in this article, however, are typical of the 
best present practice. The field of riveted connections of beams to col 
umns has been so thoroughly worked over in the last few decades that 
small opportunity is left for further development. With the recent 
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introduction of welding into structural work, this subject can be ap 
proached from a new angle. Although a welded wind connection 
superior to any riveted detail may be developed in the future, for some 
time to come the old-fashioned riveted connection will hold sway. 

The writer is indebted to the American Bridge Go. for permission 
to adapt portions of the tables of its publication " American Bridge 
Company Engineering Standards, 1926 J) for use in this article. 

It may be noted that the beams 33 in. and 36 in. deep now being 
rolled should be added to Mr. Weiskopf J s table. Referring to the 
M, N and P connections of this same table Mr. Weiskopf in a 
letter to the writer says: 

Care should be exercised by the engineer in using connections M, 
N and P. In these types the value of the outside rivets as compared with 
the ones nearer the beam flanges depends on the stiffness of the clips and 
can not be accurately determined by theoretical analysis. When the 
clip is stiff the far rivets have some value, but how much is a question 
which can only be finally decided by tests. No such tests have been 
made to the writer's knowledge. Since the coefficients in the table are 
based on 100 per cent efficiency in the rivets, the designer should use 
his judgment in assigning an average rivet value to be used with the coeffi 
cients for these types. 

The foregoing article could be greatly extended. As the 
author states, it is as important to have girders and columns well 
connected as to have them well designed. Tall buildings well 
designed to resist wind stresses have been sadly deficient in their 
details. Others not well designed have what strength they might 
possess still further cut down by the poverty of their details. 
Such was the case with the ill-fated Meyer-Kiser Building at 
Miami, Florida. After the hurricane of September 17 and 18, 
1926, it was found to be so damaged that it was ordered to be torn 
down from the fourth floor up. The height of this 15-story build 
ing, not including pent houses, was about 176 ft. A committee 
was appointed from the Structural Division of the American 
Society of Civil Engineers to study the effects of the Florida hur 
ricane and develop any engineering conclusions that might be 
warranted thereby. The Final Report of the Committee was 
printed in the August 1928 issue of the Proceedings of the Society. 
A portion relating to the Meyer-Kiser Building will be quoted: 

Based on the number and size of the rivets in the wind braces and 
assuming the elastic limit of the steel at 36,000 Ib. per sq. in., the steel- 
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work alone, without any help from the walls, should have resisted a wind 
pressure of about 15 Ib. per sq. ft. at the fifth floor. However, the clip 
angles were so thin that in bending they did not develop more than 25 
per cent of the value of the rivets. These clip angles in many cases bent 
or broke, thus destroying all the necessary strength; and even if they 
had not broken they would have been so limber as to have given the 
building little stiffness. The columns too were not suited to develop the 
strength for the type of connections used. The columns are made up of 
plate and angle sections and in the area that failed they had few cover 
plates. The thickness of the angles in columns was such that the outer 
rivets connecting the clips to the columns could not develop their full 
strength before bending the flange angles of the columns .... In 
conclusion, it is perfectly evident that there w r as no adequate wind bracing 
in this building, and the bracing which was used was made valueless by 
the details. 

The Realty Board Building also suffered quite severely during 
the storm. The building is 15 stories high and the height to the 
top of the penthouse is about 166 ft. "There was greater evidence 
of lack of stiffness than lack of strength, because the structure 
swayed enough to crack the walls without, seemingly, passing the 
elastic limit of the steel." The connections lacked rigidity. The 
second line of rivets connecting brackets to columns was practically 
valueless, because if the full strength of these rivets were developed 
the connection angles of the thickness used would be weak in 
bending at the root. 

It is noted that in both buildings the connection angles used 
were too thin to develop the strength of rivets connecting them 
to adjoining members. This is often the case with details. By 
the most liberal formula the roots of angles J in. thick do not 
develop a great amount of bending strength. In one case within 
the observation of the writer a thickness of nearly If in. was 
required at the root of clip angles. This thickness was secured by 
using 6 X 6 X f-in. and 8 X 8 X f-in. angles grinding one 
angle to fit the fillet of the other not an ideal connection although 
it accomplished the purpose. It should not be used, however, 
where it can be avoided. 

Figure 42 is taken from an article, " Design of Riveted Con 
nections to Resist Moment/ 7 by Wilson and Richart in Engineering 
and Contracting for May 26, 1920. With the maximum value of 
/ known the outstanding leg of the angle can be designed as a 
cantilever. The strength of the angle depends upon the restrain- 
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ing action of the rivet head on the outstanding leg of the angle. 
The question arises, will the angle bend as shown in (6) or as 
shown in (c).' If the angle bends as shown in (6) its strength will 
be only one-half of that which it would have if it bends as shown 
in (c). Many of the values of Mr. Weiskopf s table should then 
be divided by two. The present difficulty of the detailer with 
large bending moments would be doubled. The writer follows (c). 
As a matter of fairness to engineers who think differently both 




FIG. 42. 

views are presented. The concluding sentences of the Wilson and 
Richart article will be quoted: 

Too many of our complicated analyses entered into to effect a refine 
ment of 10 per cent to 25 per cent are based upon unverified assumptions 
which, for aught we know, may introduce errors of 50 per cent to 100 per 
cent. Although we must not abate a particle in our efforts to refine our 
mathematical analyses, it is time that the structural engineers demand 
the experimental verification of the assumptions upon which the analyses 
are based* 

The angle clip has its limitations. When bending moments 
are very large the gusset plate type is required. Where the gusset 
plate would encroach beyond the floor line above the beams or 
below the ceiling on the under side the split I-beam or T type 
shown in Fig. 43 may often be used. It was used in 1925 by the 
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American Bridge Company on a loft building in New York City 
and is now quite common. The advantages are seen in a glance 
at the figure. Two rows of single rivets can be used for connecting 
beams to columns. As the lever arm is small they can take a large 
bending moment. Sufficient rivets in single shear can easily be 
driven in the beams. The vertical load is taken by the web con 
nection. Besides developing a large moment it has the advantage 
of being concealed in the fireproofing of columns or beams. The 
effective depth of beams for wind connections can sometimes be 
Increased by a detail similar to that in Fig. 44. 





FIG. 43. FIG. 44. 

FIGS. 43, 44.- Connections of Split I-Beam Type. 

Figure 45 shows a typical connection of the U type 1 used in 
the 23-story Royal Bank Building of Montreal. The advantages 
of this connection are apparent in that the stress is transferred 
directly to the flange of the column, thus obviating any necessity 
for reinforcing the web. Two angles have been used instead of a 
bent plate. While this does away with forge work it introduces 
eccentricity for which provision should be made by additional 
rivets. 

More details could easily be shown, but what is adapted to one 
case may not be to another. The detailer should be a designer, 
a designer of details. As each problem comes up he should give 
it especial consideration. His work is often underrated although 
the efficiency of the steel frame of a building largely depends upon 
it. A member will take no greater wind stress or bending moment 

1 Figure taken from Engineering and Contracting, July, 1928, 
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than enabled to do so by its connections to other members. More 
over, a beam even when stressed beyond the elastic limit of the 
material and with excessive deflection will not separate from the 
members to which it is connected provided the connections are 
adequate to the loads carried. Hence the importance of efficient 
details. 

Steel columns for tier buildings should be used in lengths of two or 
more stories and spliced with sufficient plates and rivets to make them 
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FIG. 45. U-Type Connection of Beam to Web of Column. 

continuous with respect to continuous bending. All column splices and 
the connections of girders and beams to the columns should be riveted. 
With a properly constructed steel frame of this kind, special wind bracing 
will seldom be needed, unless the height of the building is more than 
twice its least base. 2 

In the lower stories of tall buildings the wind forces are some 
times so great that the connections of beams to columns may 
warrant that the beams should be considered as having fixed ends, 

2 Bethlehem Structural Shapes, Copyright edition of 1928. 
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If they are so considered there is a negative moment at their ends 
from the gravity loads. This negative moment should then be 
added to the moment from the wind load, making what may be an 
unwieldy moment still more unwieldy. The question arises 
regarding to wiiat extent this procedure should be followed. No 
dogmatic answer can be given. The question seldom arises in the 
upper stories because the connections are not stiff enough to fix 
the ends of the beams. The writer in the 20-story buildings he 
has designed considered the gravity loads throughout carried by 
beams simply supported. 

NOTE. Since the foregoing was written the writer's attention has been 
called to some of the details for the proposed 67-story building previously 
mentioned. The owner's engineer thinks that 50-story and more buildings 
have not yet been thoroughly tested for stiffness. Partly for this reason he 
requires of the designing engineers that no rivets be used in tension. To meet 
this requirement plate and angle columns with slotted cover plates and splicing 
of the web, as shown in Fig. 40, are required. The distance from finished floor 
line to bottom of gusset plate is in some cases 6 ft. 8 in. A double plate girder, 
similar to Fig. 41, would reduce the depth about 2 ft. but would increase the 
width of the haunch to 45 in. The designing engineers have decided to use 
the single plate girder type. The building will probably be much stiffer than 
if conventional methods were followed. At the same time a problem is pre 
sented to the architect to take care of projecting connections. 



USE OF WELDING 

Arc- Welded Connections. The author 3 of the article, Weld 
ing, in the Fourteenth Edition of the Encyclopaedia Britannica 
writes that the subject of welding may be divided into the five 
following processes: (1) forge welding; (2) arc welding; (3) gas 
welding; (4) resistance welding; (5) thermit welding. Of these 
the structural engineer need be interested only in arc welding and 
gas welding, at present mainly in arc welding. 

Welding came into its own during the World War. As a result 
of the activity of the Welding Committee of the Emergency Fleet 
Corporation of the U. S. Shipping Board the American Welding 
Society was organized in 1919. The Journal of the Society began 
its ninth year in 1930. A paper, " Welding in Structural Steel," 4 

3 William Spraragen, Technical Secretary and Editor, American Welding 
Society. 

4 Journal, Vol. V, p. 19, May, 1920, 
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by J. H. Edwards, now Chief Engineer of the American Bridge 
Company, read before the Society at its annual meeting in 1926 
fairly sums up the fundamental considerations in which the struc 
tural trade are interested. As stated they are: 

(a) Can standard structural steel be satisfactorily welded and what 
are its limitations? If this grade of material is not suitable, what is? 

(b) What effect will the welding process have on the parent or main 
material? 

(c) Standard methods of making welds by different processes should 
be determined. Values on some unit basis for the strength of welds of 
different types should be fixed. 

(d) Some reliable way of controlling the mechanical and personal ele 
ment in the making of welds and in testing the completed work should 
be established; ' 

It may be said that these problems have been vigorously 
attacked and are being solved. " Among the most important 
matters now receiving attention are: revision of building codes, 
preparation of specifications for welded buildings, accumulation of 
cost data, training of designers, the qualification of welders and 
inspectors, and additional tests of welded joints." 5 The practice 
of connecting the parts of a steel frame by welding instead of by 
riveting is steadily increasing. Among the advantages claimed 
are : a saving in steel, simplicity in design, the elimination or lessen 
ing of gusset plates, labor saving in erection, the absence of noise 
during the erection of buildings. The last benefit would be 
especially appreciated by city dwellers, both permanent and 
transient. 

For reference a few definitions as sponsored by the American 
Welding Society and given in its "Code for Fusion Welding and 
Gas Cutting in Building Construction" will be quoted: 

(1) Fusion Welding. The process of joining metal parts in the 
molten, or molten and vapor states, without the application of mechan 
ical pressure or blows. 

Under this code, fusion welding is restricted to the arc and gas weld 
ing processes. 

5 "Arc Welding of Steel Buildings and Bridges," by Frank P. McKibben, 
Consulting Engineer, General Electric Co. Engineering and Contracting, 
May, 1929. Abstract of paper presented at meeting of Electrical Engineers, 
March 20-22, 1929 at Cincinnati, Ohio. 
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(2) Root. The zone at the bottom of the cross-sectional space pro 
vided to contain a fusion weld. 

(3) Throat. The minimum thickness of a weld along a straight line 
passing through the root. 

Under this code the throat of a fillet weld shall be the distance along 
a line from the root to the hypotenuse at right angles thereto, of the 
largest isosceles right triangle that can be constructed in the cross- 
section of the fillet weld; and the throat of a butt weld shall be equal 
to the thickness of the thinner part joined. 

(4) Fillet Weld. A weld of approximately triangular cross-section, 
whose throat lies in a plane disposed approximately 45 degrees with 
respect to the surfaces of the parts joined. 

The size of a fillet weld shall be expressed in terms of the width in 
inches of its adjacent fused sides. 

(5) Butt Weld. A weld whose throat lies in a plane disposed approx 
imately 90 degrees with respect to the surfaces of at least one of the parts 
joined. 

The size of a butt weld shall be expressed in terms of its net or unrein- 
forced throat dimension in inches. 

(6) Weld Length. The length of a weld shall be considered to be 
the unbroken length of the full cross-section of the weld exclusive of the 
length of any craters. 

(7) Weld Dimensions. Under this code the dimensions of a weld 
shall be expressed in terms of its size and length. 

(8) Gas Cutting. The process of severing ferrous metals by means 
of the chemical behavior of oxygen, in the presence of ferrous metals at 
high temperatures, to produce a kerf or cut of uniform width without 
burning the edges of the kerf or cut. 

The General Electric Company has been a pioneer in the use 
of arc welding and in its own plants the largest user in the world 
of arc welding. Its monograph, "Arc Welding Structural Steel/' 
September 1929, states as the results of 242 tests of metallic arc 
welds: 

From these tests it may be concluded that the proper design values 
to be used are: 

2000 Ib. per linear inch for |-in. welds; 
2500 Ib. per linear inch for &-in. welds; 
3000 Ib. per linear inch for f-in. welds; 
4000 Ib. per linear inch for f-in. welds; 
5000 Ib. per linear inch for f-in. welds; 
6000 Ib. per linear inch for f-in. welds. 
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These are the shears per linear inch equivalent to 11,300 Ib. 
per sq. in. on a section through the throat of the weld. As seen 
in Fig. 46, the throat or shear plane equals 0.707 times the size 
of the fillet. 

Shearing Plane of Critical Plane 
of Fillet 




45 
forces exerted a/ong crit/cal Plane XX 

FIG. 46. 

The allowable unit stresses given in the Code of the American 
Welding Society, mentioned above, agree closely with these values. 
Section 4 of the Code reads: 

Permissible Unit Stresses: 

1. Welded joints shall be proportioned so that the loads specified in 
the Building Code shall not cause stresses therein to exceed the following 
amounts in pounds per square inch: 

Shear on section through throat of weld 11,300 

Tension on section through throat of weld 13,000 

Compression on section through throat of weld 15,000 

Maximum fiber stresses due to bending shall not exceed the values 
prescribed above for tension and compression respectively. 

2. In designing welded joints adequate provision shall be made for 
bending stresses due to eccentricity, if any, in the disposition or section 
of base metal parts. 

Pittsfield, Mass., is the first city in the United States to adopt 
formally the code proposed by the American Welding Society. 

Frank P. McKibben, Consulting Engineer, General Electric 
Company, in a specification prepared by him uses the foregoing 
permissible unit stresses and adds the paragraph: 

Stresses in welded joints due to wind only, and combined stresses due 
to wind and other loadings, may exceed by 33f per cent the values pre- 
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scribed in the table; provided, the section thus obtained is not less than 
that obtained if the wind force were neglected. 

The Uniform Building Code adopted with corrections by the 
Pacific Coast Building Officials' Conference at its seventh annual 
meeting, October 1928, has been adopted (January 1930) by forty 
cities and towns in California and eight or ten in neighboring states. 
Under the section, "Welded Connections," permission is given to 
use electric arc welding in place of riveting or bolting in accordance 
with the following table: 

ALLOWABLE UNIT WORKING STRESSES FOR STATIC LOADS 

Pounds per 
Square Inch 

Tension in weld metal (butt welds) 14,000 

Shear in weld metal (fillet welds) 9,000 

Compression in weld metal 18,000 

Nothing is said about an excess for wind stresses being allowed. 
The writer would not hesitate to increase these units 33| per cent, 
the shear in weld metal (fillet welds) he would inqrease 50 per cent, 
provided in all cases that the section thus obtained be not less than 
that obtained if the wind force were neglected. 

Tests made in 1927-28 at the University of Toronto under the 
direction of the late Professor Gillespie 6 included 57 different 
types. As each type was fabricated in triplicate and as the work 
was done by arc and gas in parallel, the making and testing of 
342 specimens were involved. It was with some difficulty that 
five welders were obtained whose work came up to the required 
standard. Three of them were gas operators and two arc oper 
ators. A wide variation is shown in the tabulated results. In 
one series of tests the gas welds show substantially greater strength 
than the arc welds, in another they are more nearly equal. The 
efficiency of the individual welder varied so greatly that the first 
of the Deductions in the Report is : 

Probably the most important influence on the strength of the work is 
the skill of the welder. Defective fusion accounts for more weaknesses 
in welds than any other condition. This defect occurs most frequently 
at the rectangular apex of the triangular fillet. 

6 University of Toronto Faculty of Applied Science and School of Engi 
neering Research, Bulletin 8, 1928, Section 2. Abstract in The Canadian 
Engineer, Vol. 56 7 p. 143, January 15, 1929, 
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The Structural Steel Welding Committee of the American 
Bureau of Welding for whom these tests were made wishes to 
emphasize that they were made only as a preliminary trial of the 
main program. General conclusions should not be drawn but 
should be deferred until the much greater amount of data from a 
larger number of welders in different fabricating plants, as con 
templated by the main program of the Committee, is available. 

Arc-Welded Wind-Bracing Connections. By reason of the 
extent to which arc welding had been employed in Detroit, Mich., 
a committee was formed to investigate the possibility of the 
welded structural connection being adapted to a wider use. It 
was decided by the committee that a welded wind bracing connec 
tion would be an excellent problem to attack. Designs were pre 
pared and fabricated under the auspices of the committee and the 
specimens were subjected to test at the Perry Testing Laboratories, 
Detroit, the object being to determine the capacity of a given 
connection under high bending moments, and to evolve the 
requisite data for proper design. 

Tests were made using 24-in., 18-in. and 12-in. I-beams welded 
by -| X |-in. welds to 14-in., 10-in. and 84n. columns; nine tests 
of each or twenty-seven in all. 7 The manner of testing is shown 
in Figs. 47, 48, 49. The riveted connection is provided to carry 
the vertical shear. The columns are strengthened against local 
crippling by means of welded reinforcing plates and the I-beams 
are similarly stiffened along the web immediately above the points 
of support. The sole function of the welds is to act as end restrain 
ing mediums subject to induced tensile and horizontal shear forces 
only. The fillets as shown in the figures are f in. by | in. 

The horizontal and vertical contact areas of the weld being 
subject respectively to tensile and shear forces of magnitude T, 
the area along the critical plane is subject to the normal and 

T 

tangential components 7= of the axial force T (Fig. 46). The 
V 2 

unit weld strength is derived from the above shear along the 

T 
critical pilane, and equals /=, the symbol a representing the 



area of the critical plane, which is derived from the contact area 

7 "Arc Welded Wind Bracing Connections/' by W. A. Hakin and R. G. 
Richarjds. Th$ Welding Engineer^ September, 1927. Figures and text are 
taken from this article. 
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A at the column face. Since A = a\/2> the stress intensity may 

T 

be written -j, and it will be seen that the intensity of stress upon 
A. 

the weld section at the critical plane is equal to that upon the weld 
at the column face. 

It will be noted that the welded connection involves the use 
of two distinct lines of weld : 

(a) The welds connecting the plate to the column. 
(6) The welds connecting the plate to the I beam. 

Failure of either line will constitute failure of the connection. 
Failure of the flange plate will also comprise failure of the con 
nection. The total stress on all three elements are equal and may 
be equated to 

Bending Moment (foot-pounds) 
Depth of I-Beam (feet) 

If the cross-sections of fillets (a) and (6) are of equal area and 
similar contour, the total length of weld at column face equal total 
length of weld at I-beam. 

The ultimate intensity of strength per inch run of weld varied 
from 5500 to 12,250 Ib. for the 24-in. beams, from 6400 to 11,675 Ib. 
for the 18-in. beams, and from 7850 to 11,200 Ib. for the 12-in. 
beams. The average of the 27 tests was 9920 Ib. This is equiv 
alent to 28,340 Ib. per sq. in. of critical section. The reason for 
this low average is that different operators were employed, with 
the result that a number of welds were of poor quality. 

The opinion was advanced that these specimens should be excluded 
from test, but it was deemed, on the other hand, that to withhold these 
specimens would be equally unfair, as they had been executed, supposedly, 
by a welder. It is, nevertheless, perfectly safe to state that under com 
petent supervision, welds of this nature would not arise. 

It is interesting to note that Mr. Hakin in a paper 8 read 
before the Institution of Structural Engineers in determining the 
intensity of tensile stress on the critical or shear plane adds to the 

T 

direct tensile stress a bending stress due to an eccentricity 
a 

8 "Wind Bracing in Structural Frames/' by W. A. Hakin. The Structural 
Engineer (London), December, 1928. 
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e = -. He thus arrives at the conclusion that the mean intensity 

2i 

of tensile stress on the critical plane equals twice the nominal 
stress on contact area. 

It is also interesting to note that the specifications of McKibben 
contain a paragraph: 

In designing welded connections allowance shall be made for bending 
stresses due to eccentricity, if any, except that in designing fillet welds 
no allowance need be made for the bending couple formed by resultant 
stresses on the two sides of the weld. 

With his limited knowledge of the subject the writer follows 
McKibben rather than Hakin. Moreover, "the effects of non- 
uniformity are covered by the tests on which our shear data are 
based." 9 

The Homestead Hotel. The tallest arc-welded building thus 
far (1929) erected is the Homestead Hotel, Hot Springs, Va. 10 
A central tower portion, approximately 60 by 72 ft. rises to a 
height of 180 ft. and has eleven full floors, with smaller floors 
within the sloping roof and the cupola. The tower is flanked on 
either side by six-story wings about 40 by 47 ft. Welding was 
used in both shop and field. The steel beams were considered to 
be simply supported at the ends. 

Calculations for wind moments and shears were made for the 
tower portion of the building only, and the end connections of 
beams connecting to columns were so designed as to permit weld 
ing for the required moment. No calculations were made for the 
wings, but a nominal amount of welding was provided for stiffness 
of the structure. The unit stresses used in the design were based 
oil 18,000 Ib. per sq. in. in tension. 

A unit stress of 3000 Ib. per linear inch of f-iru fillet weld was 
adopted. This value was based on an extensive series of tests 
for the American Bridge Company carried out at the U. S. Bureau 
of Standards in Washington, D. C. The average ultimate stress 
on the welds for all of the types tested gives a factor of safety of 
more than 4 based on the working stresses adopted. 

" d * Specification for Arc- Welded Connections in Bridges," by Gilbert' D. 
Fish. Engineering News-Record, Vol. 103, p. 292, August 22, 1929. 

10 "Arc- Welding Practice on a Large Hotel Building/' by H. M. Priest, 
Engineering News-Record, Vol, 102, p. 490, March 28, 1929. , * 
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The wind moments at the ends of beams were transmitted by 
field-welding the bottom flanges to the outstanding leg of the seat 
angles and welding a plate to the top flanges and to the columns. 
For beams on the flanges of the columns a loose plate was laid on 
top and welded as shown in Figs. 50 and 51. In the case of beams 
on the web the top plate was shop-welded to the beam and field- 
welded to the column flanges. 
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FIG. 50. Typical Beam-to-Column Connection. 

Note method of welding seat angle from column web to keep beams of constant length. 
Dimensions A and B are also maintained constant to make possible further duplication of 
details of the beams. 



It should be noted that the column splice, consisting of plates 
Welded between the flanges so detailed that they can be main 
tained at a constant distance from the center line regardless of 
the size and weight of the columns, and the seat angle between 
flanges, which embodies the same feature, are covered by patent 
applications. 
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An excellent iUustration of gas-welding design may be found 
described in Engineering News-Record, Vol. 103, p. 928, December 
12, 1929: "Gas- Welding Design and Erection on a 300-ton Mill 
BuHding," by H. M. Priest and EL H. Moss. 

An undue proportion of space perhaps has been given in this 
chapter to welding but the discussion is given because welding 




Bottom Flange 

FIG. 51. Special Beam-to-Column Connection. 

has entered the structural field as a new factor in designing. The 
Homestead Hotel may be a forerunner of its employment in higher 
buildings though to what extent remains to be seen. 11 "That 
welding will not and should not be regarded as a substitute for 
riveting but only as a supplementary method of steel connection 

11 Since these lines were written a contract has been placed for a 14-story 
office building in Boston in which all field connections are to be arc-welded. 
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which will effect economies over rivets under certain easily reg- 
ognizable conditions is gradually being appreciated." 12 The 
structural engineer to be properly equipped for his work should 
have some knowledge of the practice of welding. This he can 
easily obtain from the extensive literature that has grown up on 
the subject. He can watch its progress the next few years with 
interest. According to the president of the American Welding 
Society the greatest need in the structural field as far as welding 
is concerned is designers not so much those able to change 
riveted connections into welded connections as those competent 
to design from the start for welding. 

12 Editorial, Engineering News-Record, Vol. 102, p. 617, April 18, 1929. 



CHAPTER IX 
THE LINCOLN BUILDING 

Among the Titans of the Grand Central Zone in New York City 
is the Lincoln Building. (See Frontispiece.) Extending over a 
plot more than an acre in area the building rises in a series of 
setbacks to the thirty-second floor where the 20-story tower begins. 
A height of 680 ft. above Forty-second Street is finally reached. 
In its construction 17,000 tons of steel (to be exact the shipping 
weight was 16,941 tons), 3000 tons of stone and 5,250,000 brick 
were used. With its 53 stories it has 927,000 sq. ft. of rentable 
area. " Every convenience which modern science can offer has 
been designed for the building. " The value of building and land 
is between $25,000,000 and $30,000,000. 

The wind stresses and wind bracing were worked out in detail 
by the consulting engineers, Hurlbut and Van Vleck. A complete 
set of drawings was placed by them at the disposal of the author 
for which courtesy he acknowledges his thanks. He is glad to 
avail himself of the unusual opportunity of presenting stress sheets 
and diagrams of wind bracing for a 53-story building that were 
actually used in the drafting room for detailing. 

Figure 52 is a plan of the bents. Figure 53 gives wind loads 
at panel points, column shears, direct stresses in columns and 
bending moments in girders for Bent 1. Figure 54 gives the same 
for Bent 2 and Fig. 55 for Bent 5. Each of the twenty-seven bents 
has the data given in the same thorough manner. Typical details 
and drawings are shown in Figs. 56 (a), (6), (c), (d), (e), (/) and (g). 

The author will offer no note or comment. He has made no 
check for accuracy of the figures given. The criticism made 
in a previous chapter of engineers withholding methods and data 
relating to wind bracing from the engineering public does not 
apply to Messrs. Hurlbut and Van Vleck, the engineers of the 
Lincoln Building. "We have nothing to hide," they remarked 
in giving permission to use the drawings for this book. 

154 
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CHAPTER X 
EARTHQUAKES AND EARTHQUAKE-RESISTANCE 1 

I. EARTHQUAKES 

Before resistance to earthquake forces is planned a knowledge 
of earthquakes themselves should be obtained. Naturally, a 
beginning would be made by turning to a textbook on geology. 
From a purely geological point of view earthquakes are of less 
significance than some other movements of the earth's surface. 
They leave few permanent marks. It is because of their univer 
sality and their effects upon human welfare that so many pages 
are here given to them. The earth's crust is not settled, and is 
constantly undergoing changes. When rocks have become 
strained beyond their limit they break and slip along old faults. 
It is the suddenness of a slipping that causes the destructiveness 
due to an earthquake. By the word "sudden" is not meant a 
matter of minutes but of a second or two at most, usually of a 
fraction of a second. A fault in geology is a fracture in the earth's 
crust along the face of which through geologic ages there has been 
slipping or displacement of the rocks. A fault is not a result of 
an earthquake; it is the cause. "A sharp blow struck on the side 
of a table will cause very little motion in the table itself, but it 
may be sufficient to overthrow completely any loose objects on 
the table." 2 

Seismology. The term Seismology was introduced by Robert 
Mallet in 1858 as a name for the science that treats of earthquakes. 
The Bibliographical Bulletin compiled at the Dominion Observa 
tory lists in the numbers of 1926, 1927, 1928 some twelve hundred 
titles of books and articles relating to earthquakes. From these 
and other references Ernest A. Hodgson of the same Observatory 

1 In. this chapter the author has drawn freely from articles of his published 
in Engineering and The Canadian Engineer. 

2 "Elements of Geology," by Blackwelder and Barrows, 
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in "An Engineer's Library of Seismology" selects fifty-three books 
dealing with some phase or phases of Seismology. Most of these 
have but remote interests to the structural engineer. A wealth of 
information may be found in the literature of the Japanese Imperial 
Earthquake Investigation Committee, the Seismological Society of 
Japan and the Seismological Society of America. The name of 
Professor Fusakichi Omori (1868-1923), the earthquake specialist 
of Japan, will be met more frequently than any other. 

The engineer desiring but a single book of not difficult reading 
and at the same time scientific and up to date will find his wishes 
well met in "A Manual of Seismology," Cambridge, 1921, by 
Charles Davison. An idea not only of the contents of the book 
but of the field of modern seismology may be obtained by quoting 
the heads of the fourteen chapters. They are: Introduction; 
Seismographs; Nature and Intensity of Earthquake-Motion; 
Sound-Phenomena of Earthquakes; Deformations of the Earth's 
Crust; Seismic Sea-Waves; Secondary Effects of Earthquakes; 
Position of the Seismic Focus; Propagation of Earthquake-Waves; 
Geographical Distribution of Earthquakes; Frequency and 
Periodicity of Earthquakes; Accessory Shocks; Volcanic Earth 
quakes; Origin of Tectonic Earthquakes. Dr. Davison is also 
the author of the article on Earthquakes in the Fourteenth Edition 
of the Encyclopaedia Britannica. 

Professor John Milne (1850-1913) has been called "The father 
of Modern Seismology." The preface to the first edition of his 
"Earthquakes and Earthquake Movements" is dated Tokyo, 
June 30, 1883; the last edition is dated 1913. A large portion of 
the book is based on his own experiments and observations made 
during his eight years' residence in Japan where, as he writes, he 
had the opportunity of recording an earthquake every week. 
Hodgson says of this book, "Time will not lessen its value." His 
"Seismology," dated June 1898, is an advance upon his former 
book. The chapters on "Seismic Elements which are Calculable" 
and "Earthquakes and Construction" are especially interesting 
to the engineer though not adequate to present-day needs. 
Important chapters in "Earthquakes in the Light of the New 
Seismology," 1904, of Major Button, U. S. Army, are "Intensity" 
and "Seismic Wave-Motion." A suggestive sub-heading in the 
latter chapter is, "Wave Concept Satisfactory but Highly Com 
plex." A book often quoted is "The Physics of Earthquake 
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Phenomena" by Knott, Oxford, 1908. The student will be inter 
ested throughout, the structural engineer especially in the last 
chapter, "Miscellaneous Relations." A pertinent quotation will 

be given : 

In short, a good rock foundation and sufficient bracing to impart prac 
tical rigidity to the building are among the most obvious requirements 
in earthquake countries. Heavy ornamental copings and tall chimneys 
are to be shunned, since they tend to set into swinging motions which 
reinforced by resonance may lead to collapse. 

The Seismograph. That which has made modern seismology 
so fruitful of results is the seismograph, a device which enables a 
record to be made in detail at every moment of earth vibration 
of the position of the ground relatively to the position of rest. 
Such a record is called a seismogram. Almost an endless number 
of seismographs have been devised differing widely in many 
respects, but all devised so that during the passage of a shock the 
earth tends to vibrate independently of a weight freely suspended 
above it, that is, the weight will not move with the earth. Accord 
ing to Davison the essential parts of a seismograph are: (1) The 
so-called steady mass, a certain point or line of which remains, or 
should remain, steady during the complicated movements of an 
earthquake; (2) a frame or support from which the steady mass is 
suspended, and which partakes in the movement of the ground, 
and (3) the recorder, consisting of a lever or beam of light weight 
which magnifies the displacement, and a drum or plate (usually 
in continuous motion) on which the record is inscribed. In 
modern seismographs there is also (4) a damping device, the 
object of which is to check and control the oscillations which the 
steady mass may acquire during the earthquake. 

Figures 57 and 58 show seismograms from Seismological Notes, 
No. 3 of the Japanese Imperial Earthquake Investigation Com 
mittee. 3 

In looking at a record the magnification should be kept in 
mind. The amplitude of most vibrations is less than one milli 
meter (1 mm. = 0.0394 in.) and the period of vibration is a small 
fraction of a second. It is the acceleration derived from the 
amplitude and the period that measures the intensity of an earth 
quake shock. In slight earthquakes the acceleration seldom 

3 Omori, "The Semi-Destructive Earthquake of April 26, 1922," pp. 1-30. 
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exceeds 5 or 10 mm. per second per second and only in strong earth 
quakes does it exceed 200 or 300 mm. per second per second. In 
great earthquakes it reaches 1000 mm. per second per second and 
more, even 2000 and 3000 per second per second. The latter 
values are largely estimated from the effects of the shock. An 
ordinary seismograph is thrown out of action before they are 
reached. The data most needed by the structural engineer are 
not recorded. (In this respect a striking parallel is presented to 
the failure of anemometers to record the velocities of hurricanes.) 
Conclusions in such cases as to dynamic force are drawn from 
columns, walls, chimneys or monuments that have been over- 
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[GL 57. Seismograph Observation at the Seismological Station of Tsukuba. 

Semi-Destructive Earthquake of April 26, 1922. 
Magnification: Vertical component 4 times horizontal component. 
E' corresponds to N.G2E, N f corresponds to N.28 W. 



thrown or fractured. Mallet, in his work, "The Great Neapolitan 
Earthquake of 1857," London, 1862, from the data available thus 
calculates the velocity and acceleration of an earth particle. 
Conclusions drawn from such observations are open to more or 
less suspicion. We have given what Mallet calls the inferior limit; 
the superior limit would be another regular solid found in the same 
locality that did not overturn. Both limits are seldom obtainable. 
The motion of an earth particle during an earthquake is quite 
complicated. Professor Sekiya shows this in a paper, "A Model 
showing the Motion of an Earthquake Particle during an Earth- 
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quake/ 7 4 Professor Sekiya took the records of an earthquake and 
went through the laborious task of compounding the three com 
ponents of the motion of the ground to locate resultant points at 
each second of time. With a stiff copper wire he joined these 




w 



FIG. 58. Horizontal Pendulum Observation at the Meteorological 

Observatory of Osaka. 
Semi-destructive earthquake of April 26, 1922. 
Magnification =25 t . . . successive minute marks. 



points and thus represented by models the path followed by an 
earth-particle during a period of 72 seconds. The models repre- 

4 Transactions of the Seismological Society of Japan. Vol. XI, 1887, 
pp. 175-177. See also Nature, Vol. XXXVII, p. 297, January 26, 1888. 
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sent the absolute motion of the ground magnified fifty times. 
(See Fig. 59.) 





FIG. 59. Photographs of Models Representing Earthquake Motion for a 
Period of 72 Seconds. (Sekiya.) 

The maximum range of vertical motion during the shock was 
1.3 mm. (^y in.) at the 9th second. Simultaneous with this 
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occurred a horizontal range of 5 mm. (| in.), the complete oscilla 
tion in both being 1.5 seconds. The maximum range of horizontal 
motion, 7.3 mm. (i in.), occurred later on from the 32d to the 34th 
seconds. 

The periods and amplitudes of vibrations are also shown 
unequal in the seismograms, Figs. 57 and 58. 

The Bulletin of the National Research Council, U. S. A,, 
Vol. 2, Part 7, No. 15, dated July 1921, compiled by H. 0. Wood, 
entitled "A List of the Seismologic Stations of the World/ 7 men 
tions about 325 stations. Japan heads the list with 55 stations. 
Italy follows with 42 and the United States is third with 32. 
Canada is credited with 6 stations. New stations have been 
inaugurated since 1921 and some in existence then may have been 
discontinued. The equipment in many stations has been changed. 
A revised list is being prepared. 

The Rossi-Forel Scale. On account of their costs seismo 
graphs cannot be widely used. Various arbitrary scales of seismic 
intensity have been suggested. The one most used is that formu 
lated by Professors Rossi of Rome and Forel of Geneva, known 
as the Rossi-Forel Scale (1883). The scale lacks scientific pre 
cision. It depends upon personal impressions which may vary in 
different countries and with different observers in the same 
country. However, it has the merit of being intensely practical. 
For reference the scale is given: 

ROSSI-FORJSL SCALE OF INTENSITIES 

(1) Microseismic Shock. Recorded by a single seismograph or by 
seismographs of the same model, but not by several seismographs of dif 
ferent kinds; the shock felt by an experienced observer. 

(2) Extremely Feeble Shock. Recorded by several seismographs of 
different kinds; felt by a small number of persons at rest. 

(3) Very Feeble Shock.- Felt by several persons at rest; strong 
enough for the direction or duration to be appreciable. 

(4) Feeble Shock. Felt by persons in motion; disturbance of 
movable objects, doors, windows; cracking of ceilings. 

(5) Shock of Moderate Intensity. -Felt generally by everyone; 
disturbance of furniture, beds, etc. ; ringing of some bells. 

(6) Fairly Strong Shock. General awakening of those asleep; 
general ringing of bells; oscillation of chandeliers; stopping of clocks; 
visible agitation of trees and shrubs; some startled persons leaving their 
dwellings. 
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(7) Strong Shock. Overthrow of movable objects; fall of plaster; 
ringing of church bells; general panic, without damage to buildings. 

(8) Very Strong Shock. Fall of chimneys; cracks in the walls of 
buildings. 

(9) Extremely Strong Shock. Partial or total destruction of some 
buildings. 

(10) Shock of Extreme Intensity. Great disaster; ruins; dis 
turbance of the strata, fissures in the ground; rock falls from mountains. 

Earthquake Frequency. The reader not acquainted with the 
subject will be surprised to learn of the great number of earth 
quakes occurring each year, estimated at about 30,000. Nearly 
nine-tenths of these are detected only by the seismograph, and by 
far the larger portion of the remaining number are but feeble 
shocks. In Japan, on the average, nearly 1500 earthquakes occur 
every year. According to Omori the number of destructive earth 
quakes from A.D. 416 to A.D. 1898 was 222; from 1601 to 1898 it 
was 108 or one on an average of 2f years. It may be noted that 
the word "destructive" applied to an earthquake in Japan implies 
more than when applied to one in the United States. " Except 
for minor shocks a region once struck by a violent earthquake 
tends to remain quiescent for a prolonged interval." These long 
periods between shocks in any one locality tend to lessen interest 
in the subject. Since 1900 we have had the great earthquakes of 
Valparaiso, San Francisco, Kingston, Guatemala, Messina and 
the unprecedented disaster at Tokyo. No earthquakes have been 
so studied as the California earthquake of April 18, 1906, and 
the Japan earthquake of September 1, 1923. The reports of the 
California earthquake are the most elaborate ever published of 
such a disaster. 

Earthquake Distribution. Japan is preeminently the country 
of earthquakes. In all the catalogs of earthquakes that have been 
compiled Japan takes the lead. The Tokyo earthquake was no 
surprise to seismologists. A severe earthquake was about due. 
"The Japanese know as certainly as they know that night follows 
day that every ten or twenty years a great disaster overtakes them 
in one section or another." 5 In Great Britain earthquakes have 
been few and not of a serious nature. Only one life is known to 
have been lost, an apprentice being killed in London by a falling 
stone during the earthquake of 1580 (Davison). 

6 " Japan's Ordeal through Earthquake and Fire," by K. K. Kawakamt 
The Current History Magazine, Vol. XIX, p, 135, October, 1923. 
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In the United States more earthquakes occur in the Pacific 
Coast region than in all the rest of the country together. Heck in 
his " Earthquake History of the United States, Exclusive of the 
Pacific Region" 6 covers the more important earthquakes of the 
United States and adjacent Canada, exclusive of the Pacific Coast 
region, from the earliest times to the close of 1927. The " Major 
Earthquakes 7 ' listed and described at length, those in which the 
intensity was (9) or (10) by the Rossi-Forel scale, are Quebec, 
February 5, 1663; Cambridge, Mass., November 18, 1755; 
Charleston, August 31, 1886; New Madrid, Mo., December 16, 
1811, January 23 and February 7, 1812; Sonora, Mexico (felt in 
the United States), March 3, 1887; Pleasant Valley, Nev., October 
2, 1915; Elsinore, Utah, September 29 and October 1, 1921; 
Montana, June 27, 1921. Of the 400 "Intermediate and Minor" 
earthquakes, Delaware, Florida, Iowa, Minnesota, Nebraska, Ver 
mont have but two in the list; Louisiana, Mississippi, North 
Dakota, West Virginia and Wisconsin have none. 

The St. Lawrence earthquake occurred February 28, 1925. 
Several narrow escapes were reported but no lives were lost unless 
it were three or four sick persons who died from shock. The 
property damage was confined to a narrow belt along the St. Law 
rence River and was, compared with other earthquakes, small 
It was the matter of locality that attracted attention. Canada 
was supposed to be immune from earthquakes. The question at 
once arises, Is any locality totally immune? "No one can say/ 7 
writes Doctor Jaggar, an authority on the subject, "that New 
York, Philadelphia, Baltimore or Washington are geologically im 
mune to such happenings as the Charleston earthquake of 1886." 7 

Two Great Earthquakes. The losses due to the great Japanese 
earthquake of 1923 in which nearly 100,000 persons were killed, 
more than 100,000 wounded, 43,400 missing and a property loss 
of untold millions are seldom viewed in their true perspective. 
The point overlooked is that more than 90 per cent of the loss of 
property was due to fire. This is not strange considering the con 
struction of Japanese dwellings heavy roofs and light framework, 
the worst possible to withstand an earthquake. "Houses are so 
fragile that if a motor car collides with one it kills the occupants" 
(of the house, not of the car) . The water system failed. Professor 

6 Special Publication 149, IT. S. Coast and Geodetic Survey. 

7 "Predicting Earthquakes,!' Scnbners Magazine, October, 1924. 
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Omori had often advised the citizens of Tokyo to improve the 
condition of the water pipes. 

The San Francisco earthquake of 1906 was in many ways a 
parallel to that of Tokyo. (The average intensity of the Tokyo 
earthquake is generally regarded as about twice that of the San 
Francisco shock.) The destruction wrought was almost wholly 
due to fire. The water mains were completely wrecked by earth 
quake shock and the fire burned unchecked for three days, destroy 
ing an area of more than four square miles. A Report by the 
National Board of Fire Underwriters, issued less than a year before 
the earthquake, after enumerating several fire hazards of San 
Francisco says, "In fact, San Francisco has violated all under 
writing traditions in not burning up." In San Francisco frame 
construction was 90 per cent of the total; frame buildings of four 
and five stories were common. The number of fireproof buildings 
in the city was about fifty. The year after the earthquake the 
Seismological Society of America was organized. The quarterly 
Bulletin of the -Society in which have been presented so many 
valuable papers began publication in 1911 and enters on its twen 
tieth volume in 1930. 

The Santa Barbara, Cal., earthquake occurred at 6:40 A.M. 
June 29, 1925. The loss of life was 13 persons killed, and 50 
were injured. The damage to property was from $10,000,000 to 
$15,000,000. These figures are a mere bagatelle when compared 
with those of the Tokyo disaster. But it should be remembered that 
it was the fire that followed the Tokyo earthquake which caused 
more than 90 per cent of the loss both of life and property. In 
the Santa Barbara earthquake there was no fire. Santa Barbara 
was mercifully saved from destruction by the bravery of one man, 
"who appreciating his danger, had the courage to stay at his post 
braving falling walls, until he had pulled the switches in the light 
and power station and saved the city from an otherwise inevitable 
disaster: destruction by fire/' The opportunities for study were 
therefore greater than in disasters like Tokyo or San Francisco. 
Engineers, architects and representatives of special interests visited 
the city after the shock and have presented reports and expressed 
opinions. The story of the calamity "as seen by many eyes and 
analyzed by many minds " is told in the Santa Barbara Earth 
quake number of the Allied Architects Association of Los Angeles. 
Thirty-seven contributors express individual opinions. 
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H. EARTHQUAKE-RESISTANCE 

Harmonic Motion. If we imagine a body to be moving in a 
circle at a uniform rate (Fig. 60) and a second body to oscillate 
back and forth in the diameter AB both starting from 5, and if 
when the first body is at C the other body is directly under it at 
G, etc., then is the second body said to move in harmonic motion. 





U- 
Earthqua.ke Vibrations 



a b 

FIG. 60. Simple Harmonic Motion. 

Let the body itself and the corresponding revolving body be 
supposed to start from B, the latter revolving in left-handed 
rotation with an angular velocity co and let the time taken by the 
former in reaching G be t; then will the angle BOC = coif; and we 
shall have, if $ denotes the space passed over by the body that 
moves with harmonic motion, 

s = BO = OB - OC cos of 
or, if r = OB = OC, 

s = r r (cos ), (1) 

the velocity at the end of the time t will be 

ds 

t, = cor sin to* (2) 
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and the acceleration at the end of the time t will be 

d 2 s 
* = " = " 2r COS ^ ^ 



Hence the force acting upon the body at that instant, in the 
direction of its motion, is 



F = = raco 2 r cos <d = mco 2 (0(7). (4) 

dt 

The force, therefore, varies directly as the distance of the body 
from the center of its path. It is zero when the body is at the 
center of its path, and greatest when it is at the ends of its travel, 
as its value is then 

W 

m = co 2 r = co 2 r 



this being the same in amount as the centrifugal force of the 
revolving body, provided this latter has the same weight as the 
oscillating body. On the other hand, the velocity is greatest when 

ut = - (that is, at mid-stroke) and its velocity is then 
2 

v = cor. 8 

The common pendulum (nearly), the cycloidal pendulum 
(exactly), the vibration of a weight suspended from an elastic 
spring, and the vibration of a tuning fork are familiar examples of 
harmonic motion. 

For purposes of design the motion of an earth-particle during 
an earthquake shock may safely be considered by the structural 
engineer as the case of simple harmonic motion without doing 
violence to what has been written regarding the complicated 
nature of earthquakes. When the vibrations are not large, and 
in earthquake shocks they are not large, the curve drawn during 
one complete vibration is that corresponding to one complete 

8 Harmonic motion is treated in all textbooks on mechanics. The fore 
going is taken from Lanza, "Applied Mechanics," 1886. It is introduced for 
completeness. 
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period of the curve of sines (Fig. 61), The portion AEC or CGB 

corresponds to a semi-vibration. The time taken to execute a 

complete vibration (represented by the line AB) is called the 

period of the vibration. The 
distance between the extreme 
positions, E and G, of the particle 
measured along a line perpen 
dicular to A B (that is, the sum 
of the distance ED and FGf) is 
called the range of the vibration. 
Half the range (that is, ED or 
FG) is called the amplitude of 
the vibration. The velocity of 
the particle is the rate at which 

FIG. 61. Diagram of One Complete it is changing its distance from 
Vibration of an Earthquake Shock, some fixed point in its line of 

motion, say, from its position of 

rest in AB. The acceleration of the particle is the rate at which 

its velocity is changing. 

In the general equation (2), v = wr sin ut, it is obvious that 

v is a maximum when sin u>t = 1. 
Therefore 

*W = no X 1 = rco. 

Now r equals the amplitude of the vibration, denoted by a. 

27T 

If T is the complete period of a vibration, o> = . Making these 
substitutions in equation (2) gives 

Maximum velocity = -. (5) 

In the general equation (3) for acceleration, / = co 2 r cos o>, 
/ is maximum when cos u>t = 1 or / max = co 2 r X 1 co 2 r. Sub 
stituting as before for r and co, 

Maximum acceleration = ( J a or - -. (6) 

It is thus seen that the magnitude of the acceleration depends 
upon two variables, varying directly with the amplitude and 
inversely with the square of the period. 
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Applying equation (6) to the model of Professor Sekiya, where 
for a period of 1.5 seconds the horizontal range of motion was 
5.0 mm. (YQ in.) (an amplitude of 2.50 mm.) gives: Maximum 

47T 2 

acceleration = - - X 2.50 = 44 mm. per second per second. 
1 . 5 

(The acceleration due to gravity is g = 32.16 ft. = 9806 mm. per 
second per second.) 

Professor Omori estimated that in San Francisco in 1906, on 

made ground, the period was about 1 second and the amplitude 

4^2 
2 in. The maximum acceleration thus equals X 2 = 78.96 in. 

or 6.58 ft. per second per second. This is equal to one-fifth the 
acceleration due to gravity. 

Professor Imamura, the successor to Professor Omori, states 
in his "Preliminary Note on the Great Earthquake of S. E. Japan " 
("Seismological Notes" No. 6) that the maximum intensity of the 
earthquake motion at Imperial University, Tokyo, on September 1, 
1923, was about one-tenth the acceleration of gravity. (Dis 
placement, 8.86 cm,, period, 1.35 second, from which, acceleration 

4-jr 2 X 4.43 
equals . 2 = 96 cm. or 960 mm. per second per second.) 

1 . DO 

By Newton's great law: 

Force = Mass X Acceleration 

usually expressed, 

F = ma. 

(The context will prevent the notation of a for amplitude from 
being confused with the a for acceleration.) In this fundamental 
equation mass depends upon the body acted upon and is propor 
tional at any given point on the earth's surface to its weight at 
that point; acceleration is the measure of the earthquake. 

The vertical vibrations and hence the vertical accelerations are 
negligible. They usually are but from one-tenth to one-fifth of 
the horizontal. Assuming the almost unheard-of vertical accelera 
tion of 4 ft. per second per second the maximum increase of 
vertical force would be 

Weight W A W 

F = ma = __JL_ Xa = _ x4 = _ 
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That is, the maximum effect of the vertical vibration would be to 
increase the stresses on vertical members 12| per cent, and even 
this would probably happen but once in the lifetime of the building. 
The "safety factor" for which the building is designed will amply 
take care of these slight increases. 

The Tokyo Code for Bridges requires a vertical acceleration 
equal to one-sixth the gravitational acceleration coupled with a 
horizontal acceleration assumed at one-third of the gravitational 
acceleration. 9 In this connection as an illustration of the lack of 
agreement and the contradictory statements in earthquake litera 
ture, Harry O. Wood, Research Associate in Seismology, Carnegie 
Institution of Washington, will be quoted: 

... it may be true that the accelerations which occur in earthquakes 
are greater in the horizontal than in the vertical direction; but owing to 
difficulties in measurement and registration of motion in the vertical by 
means of instruments, it is not wholly certain that this is so. Emphasis 
should not be placed too strongly on the possibility that vertical earth 
motion is less energetic than the horizontal, and it should not be taken 
as a fact. 10 

If this statement were true, and the consensus of opinion is 
against it, the effect for a vertical acceleration of 10 ft. per second 
per second would be to increase the stresses |f or 31 per cent 
above those due to gravity. This, in itself, would hardly cause a 
collapse. The more serious effect of the horizontal acceleration 
is due to the much higher stresses and deflections resulting from 
the bending stresses which it causes whereas the vertical accelera 
tion causes only direct stresses in the vertical members. 

The force which is most effective in wrecking a building is that 
due to the horizontal acceleration. When the ground beneath 
the structure is moved suddenly to one side, the building, because 
of its inertia of rest or moment of resistance to being overturned, 
in effect tends to move in the opposite direction. 

Omori gave considerable weight to the simple formula of 

cc 
Professor West: a = jr, in which a is the acceleration required 

9 Proceedings American Society of CM Engineers, Vol. LV n 222 
January, 1929. 

10 Proceedings American Society of Civil Engineers, Vol. LIV p 2603 
November, 1928. ' ' 
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to overturn a free-standing body, x the horizontal distance between 
the center of gravity of the column and the edge about which it 
turns, y the vertical distance of the center of gravity above the 
base and g the acceleration due to gravity. (Attention is here 
called to an article, "Seismic Measurements by the Overthrow of 
Columns," by Paul Kirkpatrick, University of Hawaii (Bulletin 
of the Seismological Society of America, Vol. 17, p. 295, June 1927). 
The shear and bending moment on any horizontal section of 
a vertical structure result from a force acting on the center of 
gravity of that part of the structure above the section considered. 
The weight of the structure above multiplied by the assumed 

W 

acceleration and divided by g is the acting force or F = a 

9 

or F = ma (Newton's great law). The shear is equal to the force. 
The moment is the force times the distance of its line of application 
above the section considered. 

The total bending moment for each story is thus determined. 
The problem arises as to how this shear and bending moment shall 
be allocated to the vertical structural elements that support the 
floor above the story considered. In an office building in Guate 
mala for which a few years ago the writer designed the steel frame, 
the horizontal shear was considered concentrated at the points 
where the floors connected to the columns, acting in any direction 
and equally distributed between all the steel columns. The 
ground area covered was 109 ft. by 132 ft.; transverse bays, 
one of 19 ft. 6 in., three of 19 ft., and one of 32 ft. 6 in.; longitudinal 
bays, one of 18 ft., five of 17 ft. and one of 29 ft. The story heights 
were 20 ft., 15 ft., 15 ft., and 15 ft., respectively. The "seismic 
coefficient" (the ratio of a to g) was assumed to be one-tenth, 
that is, the shear due to possible earthquake vibration was assumed 
to be one-tenth the weight of the dead load of the structure itself. 
Stiffness was obtained by heavy gusset plates connecting girders 
to columns, no vertical diagonals being used and no dependence 
being placed upon walls or partitions to relieve bending moments 
in columns. Because bending moments were large the columns 
were made of 18-in. web plates, four angles and 20-in. cover plates. 
Angles were added to the cover plates of the first-story columns 
to form built-up channels. The first-floor beams, both transverse 
and longitudinal, were made of double plate girders. As the wind 
stresses from a pressure of 30 Ib. per square foot of exposed surface 
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were less than one-half the earthquake stresses they were dis 
regarded. 

Wind Stresses and Earthquake Stresses. It has often been 
assumed that if a building is well designed for ample wind forces 
it will be strong enough to resist earthquake forces. The com 
mittee of the American Society of Civil Engineers reporting on the 
effects of the San Francisco disaster states: 

Sufficient evidence is at hand to warrant the statement that a building 
designed with a proper system of bracing to withstand wind at the pres 
sure of 30 Ib. per sq. ft. will resist safely the stresses caused by a shock 
of an intensity equal to that of the recent earthquake. 11 

This is an unfortunate statement because it is often erroneous. 
For earthquake forces columns are subject to bending stress of the 
same magnitude in any direction, and this stress is independent of 
the shape of the building. Adding a bay to the width of a building 
will decrease bending moments from wind forces but for earthquake 
forces they remain the same. When additional columns are 
added, owing to the additional weight, the horizontal shear is 
increased proportionally. Again, owing to the oscillations due to 
an earthquake shock there is an exceedingly rapid reversal of stress. 

A wind and an earthquake shock do not occur at the same time. 
Stresses should be determined for each. The force of an earth 
quake shock depends upon the mass of the building and its con 
tents, that of the wind upon the exposed area. An assumed wind 
pressure may be sufficient for both if the building is narrow and 
of light construction. Any building correctly designed and detailed 
for wind pressure will stand some shock from an earthquake. 

The Foundations. The importance of stable foundations can 
not be overrated. In the San Francisco earthquake the accelera 
tion ranged from 250 mm. on "sundry solid rocks" to 1100 mm. 
and 2900 mm. on made land, while on marsh it reached 3000 mm. 
per second per second or nearly one-third of gravity. 12 In the 
Japan earthquake of 1923 the acceleration varied according to the 
geological structure of the locality, having been maximum in the 
sandy district near the coast with a possible intensity of two-fifths 
of gravity. (Professor Imamura.) The desideratum for struc 
tures is an unyielding support. This should be secured as far as 

11 Transactions American Society of Civil Engineers, Vol. LIX, 1907, p. 208, 

12 Report of California Earthquake Commission, Vol. II, p. 55, 
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practicable, at all costs. Mat foundations are often used, but 
"where mat foundations do not have piles beneath them carried 
to a depth sufficient to furnish full and unyielding support, very 
expensive damages may result from the bodily settlement of these 
mat foundations with their superimposed building into the soft 
ground under the shaking effect of the earthquake." 13 One of 
the San Francisco Committee of Engineers writes, "On the made 
land of San Francisco, structures resting upon pile foundations 
were little damaged although the surface materials in the streets 
and the vicinity were distorted into waves/ 714 

It is a prime necessity that the foundation act as a unit. If 
individual footings are used they should be on the same level. 
They should be connected with beams of sufficient strength to 
maintain them at all times in the same relative position. This is 
highly important. If the footings spread apart there will be 
disaster no matter how well the structure above them was braced. 

Rigid and Flexible Types of Construction. The almost unani 
mous opinion of engineers and writers on the subject is that a 
building to be earthquake-resistant should be rigid. 

The essential point, as was well shown in the Japanese earthquake of 
1923, is that the building should be so framed and braced that it will 
move bodily as one block with its foundations (DAVISON). 

Theoretically, the relation between the period of vibration of a 
proposed building and that of earthquake shock should be con 
sidered, but notwithstanding what has been written on the subject 
it is indeterminate as far as the designer is concerned. 

L. H. Nishkian, Consulting Engineer of San Francisco, in an 
article, "Design of Tall Buildings for Resistance to Earthquake 
Stresses/ 715 writes: 

The best design to resist earthquake forces would be one which 
would have strong but yielding or flexible joints. ... A solution that 
suggests itself is to provide a high first story, making the first story col 
umns slender enough to take a horizontal movement of about one and 
one-half inches without overstressing them, and disconnect entirely the 
first story wall columns from the surrounding walls. This would necessi 
tate a horizontal wall joint just below the second floor line. On the 

18 Hadley, Proceedings American Concrete Institute, Vol. 20, 1924. 
14 Transactions American Society of Civil Engineers, Vol. LIX, p. 318, 
December, 1907. 

* B The Architect and Engineer, Vol. LXXXVIII, p. 73, March, 1927, 
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second floor the beam connections to columns would have to be made 
strong but flexible enough to allow the yielding of the first story columns. 
The force producing this horizontal deflection is developed by the inertia 
of the building above. The building should therefore have connections 
throughout, strong enough to resist such a force. A structural design as 
outlined permits the frame to yield. The first story walls, of course, 
would have to be strong enough to withstand the earthquake in them 
selves. If the first story is less than the necessary height, then the 
second story connection of the beams to the columns can be made to 
approximate a hinge in effect, the columns running to the next floor 
above without splicing. For tall buildings, the columns in the first 
story are so heavy compared to the beams that a standard web connection 
will serve the purpose in a steel frame. 

The new Bank of Italy building in San Jose was designed by 
Mr. Nishkian as thus outlined. It is a steel frame structure 
twelve stories high (in effect about fifteen stories). The first 
story of the building is unusually high (34 ft.), thereby providing 
the desired flexibility to the first-story columns. Two or three 
other buildings have been built after this manner. 

The writer cannot agree with Mr. Nishkian as to the advisabil 
ity of this type of construction. 

Whether these buildings, as actually constructed, will fulfill the ideal 
conditions and whether they will act as assumed in the design is, in the 
writer's opinion, very doubtful. . . . The assumed rigidity of the upper 
portions of the buildings is also open to question. DEWELL. IS 

Mr. Dewell's comments are mild compared with those made by 
others. 

The proposition of flexibility is at present too vague to be of any value. 
It also has against it the weight of experience in actual disaster. The use 
of the principle automatically assures more or less severe damage. When 
possible ranges of earth motion are considered, it seems hard to see how 
they can be provided for. 17 

16 The present writer wishes to express the Mgh regard he has for the 
articles of Mr. Dewell found in different periodicals. The engineer will 
profit by reading them. 

" 17 "The Earthquake Resistance of Buildings from the Underwriters' 
Point of View," by H. M. Engel. Bulletin of the Seismological Society of 
America, Vol. 19, p. 86, June, 1929. 

" The effects of Earthquakes on Buildings with a Flexible First Story," 
by Professor H. R. Martel. Bulletin of the Seismological Society of America, 
Vol. 19, p. 167, September, 1929. The author regrets that this article was 
received too late for him to use as he would like. 
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The structure must be rigid. Now rigidity is a relative term, 
there being no such thing as an absolutely unyielding material used 
in building construction. 

A rigid structure Is one that will move and deflect as a unit or block, 
without the deflection becoming large enough to rupture the most rigid 
of the materials incorporated in the structure. ENGBL. 

An illustration of rigid construction carried to a degree prob 
ably greater than necessary outside of Japan will be given: 

THE MITSUI BANK BUILDING OF TOKYO 18 

The imposing new building of the Mitsui Bank of Tokyo is 
designed and built with the highest practicable resistance to earth 
quake shocks. The officials of the bank placed the problem before 
S. C. Weiskopf, consulting engineer of New York City, who suc 
ceeded in devising a form of construction fully satisfying all the 
requirements although decidedly radical in character. Practically 
the entire first floor, 36 ft. high from floor to ceiling, is an open 
banking room through which extend columns supporting the 
floor above. Figure 62 shows a cross-section through the court. 
Above are four floors devoted to offices. The live load assumed 
for the office floors is about 75 Ib. per sq. ft. The dead loads are 
large, as the floors are of 4-in. stone concrete with a thick fill to 
accommodate an elaborate system of conduits. The exterior walls 
are of Japanese granite backed up with reinforced concrete and 
supported on the structural steel at each floor. All the per 
manent partition work is of reinforced concrete. 

The Tokyo building law requires the lateral force due to a 
possible earthquake to be taken at one-tenth of gravity or a 
horizontal acceleration of 3.2 ft. per second per second. The 
vertical acceleration can be neglected. In the case of bents of 
three columns tied together the vertical stresses from overturning 
were computed and included. The stiffness of the floor slab was 
counted upon to insure uniform distribution of horizontal shear 
to the columns. In determining acceleration the live loads were 
added to the dead loads. It is obvious that the columns, being 

"Tokyo Bank Building Designed to Resist Earthquakes," by John W. 
Pickworth and Walter H. Weiskopf* Engineering News-Record, Vol. 98, 
p. 1010, June 23, 1927* 
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subject to equal bending in both directions, must have equal 
strength about both axes and be designed so that proper connec 
tions can be made to girders and trusses in both directions. Figure 
63 shows at the right a bending moment diagram for a typical 
column. It is interesting to note that the maximum bending 
stresses in columns are due to forces when assumed acting in a 
diagonal direction rather than at right angles to either face of the 
column. The case is similar to that of wind on an elevated tank 
supported by four columns. The wind stresses on any column 
are maximum when the wind is blowing in the direction of the 



ffoof 




Cross-Section Through Court 

FIG. 62. Mitsui Bank, Tokyo. 
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diagonal which passes through that column and the center of the 
tower. 

A typical interior column is shown in Fig. 64. 

A special front-wall column construction is shown in Fig. 65. 

"The features noted the steel fratae, the magnitude of the 
stresses to be carried, a theoretical proportioning of the members 
which provides maximum section near the panel points, the 
location of splices at mid-story height, a design of members 
that lends itself to strong girders in both directions these con 
stitute the essential features in the design of the Mitsui Bank 
Building." 

In accordance with the law a unit stress of 16,000 Ib. per sq. in. 
was used throughout. About 10,000 tons of steel were required 
for the building. The steelwork of a similar frame designed for 
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loads and stresses specified in the New York City building code 
without any regard to earthquake shocks would probably weigh 
less than one-half as much. At the same time it should be remem 
bered that the ample provision to resist shock increased the total 
cost of the Mitsui Bank building only about 10 per cent. 

A reinforced-concrete mat 4 ft. thick was used to spread the 
load uniformly over the soil. In accordance with the Japanese 
law every reinforcing rod has hooked ends. The soil under a 
test load of 4 tons per sq. ft. showed practically no settlement. 




FIG. 63. Diagram Illustrating Strength Principle Embodied in Framing of 

Mitsui Bank, Tokyo. 
At right, bendiBg-mornent diagram for typical column. 

The actual loading is about 2 tons per sq. ft. under the whole of 
the building. 

Mr. S. C. Weiskopf informs the writer that, contrary to the 
generally accepted opinion, he considers the requirement of a good 
rock foundation to be a mistake. While the building should be 
braced internally to act as a unit he thinks the foundation should 
have a cushion under and around it. This can be accomplished by 
distributing the loads to the natural soil. When it is realized that 
earthquake vibrations are propagated through bed rock, advantage 
should be taken of the cushioning effect of the overlying softer 
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material. He considers the case is analogous to that of a ship 
at sea. 

The Data for Design. The structural engineer in deciding the 
degree of shock severity that shall be assumed for a proposed 
structure has two questions before him. The first is the probable 
maximum intensity of earthquake shock liable to occur, and the 
second is the insurance that the owner is willing to carry in the 
design of his building. 



Shelf to 
carry stone, 
one every 6' 
to 8' height 




l< . ... ,-. .__^ -^ ...._...__ _ i^i 

Section F-F 
FIG. 65. Special Front- Wall Column Construction. 



An answer to the first question depends upon the location. 
From Japan, the land of the earthquake and the typhoon, to 
regions in the United States where no earthquake has yet been 
reported is a wide variation. Although it is true that an earth 
quake is a possibility in any country, in many regions it is not a 
probability. Is it worth while to design buildings to resist earth 
quake shocks when located in States that have never had an 
earthquake? More important still is the question of design for 
buildings in New York, Philadelphia, Chicago and other cities. 
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A geologist 19 calls attention to four earthquake shocks in Boston, 
1638, 1663, 1727 and November 18, 1755. (The latter was only 
seventeen days after the famous Lisbon earthquake and was 
quite severe, about (9) of the Rossi-Forel scale.) He says that 
the common belief that Boston is immune from further shocks is 
unfounded. As a large part of the densely built-up section is on 
''made land" a shock approaching that of San Francisco, to say 
nothing of Tokyo would be disastrous. It is a matter of conjecture 
as to what would happen in New York City in case of an earth 
quake. The 30-, 40-, and 50-story buildings have not been designed 
with earthquake stresses in view. Moreover, it is practically 
impossible to do so for shocks greater than (6) or (7) of the Rossi- 
Forel scale. The same may be said of buildings in Chicago and 
other cities. Incidentally, no building as high as 25 stories has 
ever been subjected to a severe shock. The Glaus Spreckels 
Building in San Francisco of 15 stories above the sidewalk 
and dome of four additional stories passed through the 1906 
disaster with comparatively little damage. It should be noted 
that the ground area was but 75 ft. square and the building was 
designed for a wind pressure of 50 Ib. per sq. ft. The excavation 
with an area of 98 ft. by 102 ft. was carried to a depth of 25 ft. 
At the bottom was placed a platform 4| ft. thick of steel beams 
and concrete. The specifications for the steel frame were severe. 20 
Although not designed with stresses from an earthquake in view 
it is not surprising that with the narrow width compared with 
height and conservative assumptions throughout, it withstood the 
shock. The Report to the National Board of Underwriters by 
D. A. Reed on damage done by the earthquake says of this build 
ing: "Special plan of bracing very useful in preventing damage 
from shock." 

The second question confronting the designer is the amount 
of risk that his client is willing to assume. Strictly speaking, the 
designer should decide the question of risk. In actual practice 
it is usually, indirectly if not directly, decided by the purchaser. 
Unless the proposed building is in a district frequently visited by 
earthquakes the owner is often unwilling to go to the expense of 
making provision for a possible earthquake even though the 

19 "The Earthquake Risk in Boston," by Irving B. Crosby. Journal 
Boston Society of Civil Engineers, Vol. X, pp. 421-430. 

20 Engineering Record, Vol. XXXVII, pp. 412 and 433, April 9 and 16, 1898. 
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additional cost would be small. In the United States, outside 
of the Pacific Coast region, the cost of the steel frame will rarely, 
if ever, be increased 10 per cent for a 10- or 12-story building. 
Perhaps 5 per cent would be nearer. This would be but a fraction 
of 1 per cent of the total cost of the building. 

It is evident from the foregoing that a sliding scale of intensity 
should be adopted according to location. It is also evident that 
in deciding the intensity for any given locality the nature of the 
foundation should be considered. This has been done in the 
recent building codes of some California cities. The Santa Bar 
bara code written after the earthquake of 1925 will be quoted: 

All buildings not having inherent stability in their structural design 
equal to the bracing herein required shall be braced to resist a horizontal 
thrust acting in any direction. This bracing shall be applied at all points 
of support in such a manner that each tier of columns or stories shall 
resist a horizontal thrust applied to the center of gravity of the sup 
ported load equal to 10 per cent of the load which they support when 
the foundation rests on material upon which a bearing of 4 tons per square 
foot is allowed; 15 per cent upon which 3 tons per square foot is allowed, 
and 20 per cent when less than 2 tons per square foot is allowed or when 
piling or raft foundation is used. 

The Uniform Building Code (corrected to October 1928) of 
the Pacific Coast Building Officials has some unusual provisions 
under the section on Lateral Bracing in the Appendix: 

Where the design live load specified for a particular building or por 
tion thereof is 50 Ib. per sq. ft. or less, such live load may be disregarded 
in the computation of the lateral force required by this section. The full 
value of all live loads more than 50 Ib. per sq. ft. shall be used. 

The Code is quite decisive as to the "flexible" system: 

AH bracing systems shall be located symmetrically about the center 
of mass of the building and shall be of sufficient extent and detail to 
safely move the mass of the building. . . 1 The stresses to be provided 
for must be those which would be produced if the structure were subject 
to an unlimited translation under the shear specified. 

Relating to the amount of horizontal shear to be assumed the 
Code states: 

When the foundation rests upon material upon which a load of two 
or more tons per square foot is allowed, the horizontal force to be applied 
at any plane shall be assumed at 7 J per cent of the total dead plus the live 
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load of the building above that plane. When the foundation rests upon 
material upon which a load of less than 2 tons per square foot is allowed, 
the horizontal force to be applied at any plane shall be assumed at 10 
per cent of the total dead load plus the live load of the buildings above 
that plane. All buildings on pile foundations shall be included in this 
class. 

Working stresses due to earthquake forces combined with other 
forces may be increased 50 per cent over those specified except 
that rivets may be stressed to 14,000 Ib. per sq. in. in tension. 
Strict provisions are found under "Bonding and Tying," the idea 
throughout being that the structure must act as a unit. 

The difference of opinion among engineers is seen in the two 
codes. The writer would grade buildings in the United States 
outside of California according to the shock he wished them to 
resist. For the most severe risk he would apply a horizontal 
force of 7J per cent of the gravity load when the foundation rested 
upon material upon which a load of more than 3 tons per sq. ft. 
is allowed; when from 2 to 3 tons is allowed he would assume the 
horizontal force to be 10 per cent, when less than 2 tons, 15 per 
cent. In the gravity load he would include but 10 Ib. per sq. ft. 
live load on floors of apartment houses, hotels, offices, and the like. 
In storage rooms and warehouses two-thirds of the prescribed live 
load would be added to the dead load. Unit stresses of three- 
fourths the elastic limit would be allowed in combination with 
other loads, even 30,000 Ib. per sq. in. in tension would not be 
considered dangerous. 

When a building code does not govern, the engineer often has 
before him a problem as to the lateral force for which he shall make 
provision. He does not care to be needlessly severe nor unduly 
lax in his requirements. It is hardly necessary to design buildings 
in Charleston to meet a shock equal to that of 1886. At the same 
time here and elsewhere he had better err on the side of safety. 

Tall Chimneys. Professor Milne in the section on Earthquakes 
which he wrote for the Eleventh Edition of the Encyclopaedia 
Britannica, 1910, states: 

The acceleration which will fracture or shatter a column firmly fixed 
at its foundation to the moving earth may be expressed as follows, 

FAB 

ft -s A0 

69 fW 
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where a = the acceleration per sec. per sec.; 

F = the force of cohesion, or force per unit surface, which when 

gradually applied produces fracture; 
A = area of base fractured; 
B = thickness of the column; 
/ = height of center of gravity of column above the fractured 



W = the weight of the portion broken off. 

With this formula and its derivatives we are enabled to state the height 
to which a wall, for example, may be built capable of resisting any 
assumed acceleration. Experience has shown that yielding first shows 
itself at the base of a pier, a wall or a building and it is therefore clear that 
the lower portion of such structures should be of greater dimensions or 
stronger than that above. 

It is usually taken for granted that the force due to an earth 
quake shock is applied at the base of the chimney and is equal 

Wa 
to , a the acceleration, being assumed. The moment about the 

9 

base is this force multiplied by the distance from the base to the 
center of gravity of the weight above. This being greater than the 
moment obtained at any horizontal section above, the chimney 
should fracture at the base. 

Omori observed that in general tall chimneys did not fracture 
at the base but were ruptured at a point about two-thirds of their 
height. This stubborn fact calls for an explanation. Professor 
Le Conte as an analysis of a problem in pure mechanics presents 
a paper, "The Stresses in a Free Prismatic Rod under a Single 
Force Normal to its Axis. 7721 He significantly says, "It is 
important to note that the analysis cannot apply as an exact 
quantitative method to the stresses in an engineering structure, 
as the elasticity of such a structure greatly reduces the magnitude 
of the stress. The formulas, therefore, are of qualitative rather 
than of quantitative value." 

In this connection attention may be called to a paper, "Effect 
of Earth Shocks on Structures/ 7 by M. de Biissy. 22 

21 Transactions American Society of Civil Engineers, Vol. 91, 1927, p. 969. 

22 Proceedings American Society of Civil Engineers, Vol. LIV, p. 1499, 
May, 1928, 
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The present writer presents the case as one of the unsolved 
problems incidental to earthquake-resistant construction. He 
has no solution of his own. 

Steel and Reinforced-Concrete Types of Structures. Without 
entering into a controversy the writer frankly expresses his prefer 
ence for a steel-framed structure to resist earthquake shock. 
Arranged in the order of resistance he agrees with Professor Spof- 
ford and places first: 

Steel-framed buildings with rigid connections between lateral and 
vertical members and with walls, partitions and floors securely fastened 
to the steel structure, and composed of non-combustible, elastic material 
of considerable tensile strength, and as light in weight as is consistent with 
carrying prescribed loads. 23 

Reinforced concrete is undoubtedly the best material for walls, 

partitions and floors. 



A building such as the above, designed by competent engineers, can 
be made as secure in an earthquake as a modern Atlantic liner in a storm, 
provided fissures do not occur directly under the building. SPOFFOKD. 

For buildings of moderate height reinforced concrete can 
safely be used, as has been proven by experience. A steel frame is 
preferred by many engineers. The weight is much lighter, hence 
the mass is less. This, of course, decreases the lateral force for 
any given acceleration. The stresses in a steel frame can better 
be calculated than in a reinforced-concrete frame; also the field 
work in erection will probably be more nearly exact. The strength 
of steel in shear is nearly equal to its strength in compression, 
which is not the case with reinforced concrete. Steel has a greater 
coefficient of elasticity and is better able to resist reversal of stress. 
"The fundamental weakness in reinforced concrete lies in the 
inability of this material to withstand tensile or shearing 
stresses." 24 

Recommendations. To the question, " Can diasters from 
earthquakes be averted?" Milne answers, "No, but they can be 

23 "Types of Structures Best Fitted to Resist Earthquakes. J} Paper 
read before the Eastern Section of the Seismological Section of America and 
published in the Bibliographical Bulletin, Vol. II, p. 29, June 10, 1927. 

24 John D. Galloway, Consulting Engineer, San Francisco, writing of the 
Santa Barbara, earthquake. 
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mitigated/' As the water supply failed in both Tokyo and San 
Francisco it is of prime importance that if losses by fire are to be 
prevented in case of a severe shock the water-works system should 
be investigated beforehand. The same may be written of the 
electric light and power system. 

The Santa Barbara earthquake, though the property loss 
was as mentioned a mere bagatelle in comparison with that of 
Tokyo or San Francisco, furnished unusual opportunities for study 
because there was no fire. Scores of recommendations have been 
made, many of them regarding details. A few will be quoted: 

Masonry structures should not be built to any great height unless 
thoroughly tied and braced across at intervals by good, substantial brac 
ing or division walls. 

Keep the lines of strain and thrust going straight through your build 
ings, without offsets, and use beams and girders to carry these strains 
and thrusts. 

"L" shaped buildings do not stand a shake as well as square or rect 
angular buildings. 

Cornices should be made of metal or reinforced concrete, tied into the 
building with a continuous tie. Chimneys should be built of reinforced 
concrete. 

Cast stone, terra cotta or face brick used as a veneer should be laid 
up in one to three cement mortar and tied to its backing with substantial 
and numerous metal ties and one to three cement mortar. 

High water tanks in buildings should be eliminated. 

The use of cast-iron columns should be prohibited. 

All roof framing should be trussed and should tie opposite walls to 
gether. 

Continuity in framing should be required in all classes of construction. 

As a further means of providing safety, the fire escapes should be 
securely fastened to the frame of the building and not to the filler walls. 

Where it is necessary to go to a great height on a small ground plan, 
and especially where the ground plan is much shorter in one dimension 
than the other, the earthquake problem becomes a very intricate one. 

Recommendations of Naito. After the Japanese earthquake 
of 1923 Professor Tachu Naito of Waseda University College of 
Engineering, Tokyo, published "Earthquake Proof Construction 
of Skeleton Structures, " a collection of papers he had written for 
the Journal of the Japanese Institute of Architects from October 
1922 to March 1923. Professor Naito is eminently qualified to 
speak on the subject by reason that several large buildings designed 
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in accordance with his theories suffered comparatively little damage 
during the great earthquake. Among his recommendations 25 are: 

(1) That reinforced-concrete walls, particularly with diagonal rein 
forcing be used when possible; (2) that the corner bays of buildings have 
as few openings as possible; (3) that the full depths of wall spandrel sec 
tions be designed as beams; (4) that structural steel wall columns of I 
and H shape have their webs always placed parallel with the walls; 
(5) that end restraint additional to that furnished by their connections 
to columns be given the beams on column center lines, by means of extra 
reinforcing bars in the concrete floor slab across the columns; (6) that 
horizontal diagonal bracing be used between the floor beams attaching to 
an interior column; (7) that particular attention be given the corner wall 
columns of a building, because such columns act as flanges of the vertical 
cantilever beams represented by the walls, and hence will carry heavy 
direct stress in an earthquake; (8) that for a similar reason, ample area 
to carry these column loads be given the footings of such corner columns, 
and (9) that foundation footings be well tied together. 

Professor Naito gives an abstract of his treatise in an article, 
" Earthquake-proof Construction." 26 When a tier building with 
rigid floors is subjected to a lateral force, this force, since the 
building as one mass will be evenly deformed, will be distributed 
among the various elements in proportion to their relative rigid 
ities. Professor Naito calls this proportion the "Distribution 
Coefficient of Lateral Force." He says, "When the amount of 
the external force bearing upon each bent is known, the amount 
and distribution of the shears and bending moments in the mem 
bers of the bent may be determined accordingly and these mem 
bers properly designed." The engineer is at once reminded of the 
Wilson-Maney slope-deflection method for obtaining wind stresses 
in tier buildings. Professor Naito thinks the slope-deflection 
method too complicated for practical use and while by no means 
ignoring it proposes what he calls "the modified portal method." 

25 The author has before him a complimentary copy of Professor Naito's 
book. Unfortunately, he has no translation at hand and is obliged to quote 
from Mr. DewelTs article "Earthquake-Resistance Construction," Engineer 
ing News-Record, Vol. 100, p. 699, May 3, 1928. Professor Naito in sending 
his book modestly writes: "The science about earthquake-proof construction 
is so mystical, we all must do our best to investigate the theory more thoroughly 
and uncover the nature of safe and economical building." 

26 Bulletin of the Seismological Society of America, Vol. 17, pp. 57-94, 
June, 1927, 
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To master this method requires study on the part of the engineer, 
perhaps more than he is willing to give. In reading the scholarly 
article the engineer should remember, as suggested by Dewell in 
the Foreword, that buildings in Japan are all relatively low, being 
limited by regulation to a height of approximately one hundred 
feet. " Whether his methods of earthquake-resistant design are 
applicable to tall office buildings is another question.' 7 Professor 
Naito advances the knowledge of earthquake construction by 
what he has written. 

The proper design of an important building for resistance to earth 
quakes is a problem worthy of the best engineering study. Rough assump 
tions will not suffice, and the " valor of ignorance" will not suffice when 
the time of stress occurs. DEWELL. 
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Bank of Italy, 174 

Bank of Manhattan, 89 

Chrysler, 89 

Glaus Spreckels, 180 

Consolidated Gas, 99 

Foshay Tower, 117 

Guatemala office, 171 

Home Insurance, 89 

Homestead Hbtel, 150 

Lincoln, 117, 154 

Masonic Temple, 98 

Meyer-Kiser, 137 

Metropolitan Tower, 118 

Mitsui Bank, 175 

Monadnock, 92 

Old Colony, 99 

Pontiac, 92 

Realty Board, 136 

Reliance, 99 

Royal Bank, 140 

Trinity, 135 

Woolworth, 89, 117 
Buildings, deflection of, 92, 125 

many-storied, 89 



Buildings, mill, 63 
vibration of, 93 



Chimneys, tall, 182 
Construction 

reinforced concrete, 184 

steel, 184 

types to resist earthquakes, 173 

types to resist wind, 98 
Cyclone, 18 

D 

Definitions, 18, 143 
Deflection of tall buildings, 92, 125 
Detailer, part of, 140 
Details, design of, 129 
Duchemin formula, 56, 68, 70 
table, 70 

E 

Earth, rotational effect of, 3 
Earthquake acceleration, 168 

data for design, 179 

distribution, 163 

foundations, 172 

frequency, 163 

intensity, 162 

motion, 160 

recommendations, 184 

resistance, 166 

stresses, 172 

types of construction, 173 
Earthquakes, 156 
Earthquakes cited 

Japan, 164 

St. Lawrence, 164 

San Francisco, 165 

Santa Barbara, 165, 185 
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Eiffel experiments, 54 
table, 51 



Ferrel formula, 51 
Florida hurricanes, 22, 25 
Foundations to resist earthquake 
shock, 172 

G 

Geoidal slope, 10 
Girts, 83 
Gradient wind, 8 
Gusts, 19 

H 

Hangars, 84 
Harmonic motion, 166 
Hurricane, the, 22 

Florida, 22, 25 

Porto Rican, 24 
Humidity, influence of, 53 
Hurricanes and tornadoes, 22 

precautions to be taken, 25 
Hutton's formula, 55 



Lincoln building, 117, 154 

M 

Meteorologist and engineer, 126 
Mill buildings, 63 

bents with kneebraces, 73 

bents without kneebraces, 80 

bracing, 81, 83 

miscellaneous points, 86 

side girts, 83 

stresses, 74, 76 

N 
Need for further study, 126 



Porto Rican hurricane, 24 
Pressure (wind), 33 
on cylindrical surfaces, 57 

inclined surfaces, 55 

large areas, 53 

parallel plates, 54 

structures, 59 



Pressure (wind), effect of rain, 53 
measuring, 33 
recommended, 68, 97 
relation to velocity, 43 

momentum theory, 46 

Newton's theory, 43 

Rankine's theory, 45 
variation with temperature, 50 

R 

Rain, effect of, 53 

Reynolds number, 62 

Rivets in tension, 121 

Roof truss, stresses in wall bearing, 74 

Rossi-Forel scale, 162 

Rotational effect of the earth, 3 

S 

Seismograph, 158 
Seismology, 156 

engineers' library of, 157 
Skyscraper survey, 89 

the problem of, 126 
Smeaton's formula, 47 
Specifications, American Institute of 
Steel Construction, 120 

Ketchum, 83 

Welding, 145, 146 
Stanton experiments, 53 
Stevenson formula, 41 
Stresses (see Wind) 

working, 84, 119, 145, 146 
Suction, effect of, 64 



Tornadoes, 26 

damage from flying debris, 31 
explosive effect, 30 
Kansas tornadoes, 28 
pressure of wind in, 30 
probability of occurrence, 29 
record, 27 
St. Louis, 28 
summary, 29 
velocity of wind in, 30 

U 
Unit stresses (see Stresses, working) 



SUBJECT INDEX 



193 



Velocity (wind), 33 
indicated and true, 36 
measuring, 35 
relation to pressure, 43 

momentum theory, 43 

Newton's theory, 43 

Rankine's theory, 45 
variation with height, 40 

W 

Walls, partitions and floors, 91 
Weather map, 1, 11 
Welding, use of, 142 

definitions, 143 

efficiency of, 143 

specifications, 145, 146 

tests, 146, 147, 150 

unit stresses, 145, 146 

wind bracing connections, 147 
West formula, 170 
Why do some structures stand? 87 
Wind, definitions, 18 

bracing, connections, 129 
details, 129 
early types, 98 
gusset plate type, 99 



Wind, classification, 12 
Beaufort, 13 
Brocklesby, 15 
Davis, 16 
Defoe, 20 
Humphreys, 16 
local, 16 
Smeaton, 49 
gradient, 8 

pressure (see Pressure) 
stresses, compared with earthquake 

stresses, 172 

determination of, 76, 100 
cantilever method, 103 
choice of methods, 116 
exact methods, 100 
portal method, 111 
slope-deflection method, 100 
many-storied buildings, 89, 123 
miH buildings, 63 
wall-bearing trusses, 71 
working, 84, 119, 145, 146 
study, equipment for, 1 
introduction to, 1 
more data wanted, 126 
velocity (see Velocity) 
Wing formula, 42 
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